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PREFACE. 


This text-book is prepared especially for the cadets of the 
United States Military Academy, who are being fitted for duty 
in the United States Army. It is a revision of the text-books 
written by my predecessors, Colonel Wheeler in 1884, and Colonel 
Fiebeger in 1904, for exactly the same purpose. It follows 
their methods as far as possible; and, as the principles of Civil 
Engineering have not changed, this text in many pages uses 
exactly the texts and figures of Colonels Wheeler and Fiebeger. 
Likewise, as in all text-books, information is obtained from 
books by other authors; and effort is made at the end of each 
chapter to show the principal sources of this information. 

Every army officer must have a fair working knowledge of 
the principles and practice of engineering; therefore, in this 
book the cadet is taught enough of all branches of civil engi- 
neering so that he may in future understand the practical 
engineering requirements of his profession. For the engineering 
work of the army requiring great technical knowledge, this 
text-book is supplemented by additional courses given in army 
schools to officers of the engineering branches of the army. 

W. A. MITCHELL. 


West Point, New York, May 2, 1924. 
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INTRODUCTION. 


1. Engineering: is defined to be “the science and art of utilizing 
the forces and materials of nature.” 

It is divided, for purposes of instruction at the Military Academy, 
into two principal branches. Civil and Military Engineering. 

Military engineering embraces the planning and construction 
of fortifications and structures used in military operations. It is 
not treated in this text. 

Civil engineering comprises the designing and building of works 
intended to add to the comfort of man, or to improve the country 
either by beautifying it or increasing its prosperity. In this 
branch, the constructions are divided into two classes, according 
as the parts of which they are made are to be relatively at rest or 
in motion. In the former case they are known as structures, and 
in the latter as machines. 

2. It is usual to limit the term civil engineering to the planning 
and construction of works of the first class, and to use the term 
mechanical engineering when the works considered are machines. 

It is also usual to subdivide civil engineering into classes, accord- 
ing to the prominence given to some one or more of its parts when 
applied in practice, as topographical engineering, hydraulic engi- 
neering, etc. Notwithstanding this separation into branches and 
.subdivisions, there are certain general principles common to 
them all. 

3. The object of the following pages is to give in regular order 
the.se elementary principles, common to all branches of engineer- 
ing, which the student should learn so that he may under- 
.stand the nature of the engineers’ profession, and know how to 
apply these principles in practice. 

The .subject is covered in the following manner: 

Part I: Mechanics of Engineering. 

Part 11: Building Materials. 

Part III; Component Parts of a Structure. 

Part IV: Engineering Structures. 

4. In the Mechanics of Civil Engineering there are chapters on 
the following; 

Forces. 

Tension; Compression; Shear; Torsion; Flexure. 

Beams. 

Moving Loads. 

Pressure and Flow of Water. 
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In these chapters are included the principles of engineering 
which are constantly needed throughout the book. These principles 
must be thoroughly understood in order to study intelligently the 
applications of them which are given later. 

5. Building Materials are discussed in chapters on the following: 

Timber. 

Metals. 

Natural and Artificial Stone. 

Testing of Materials. 

Endeavor is made to bring out the characteristics of materials 
which make them useful in engineering constructions. 

6. The Component Parts of a Structure are discussed in chapters 
on the following: 

Framing. 

Masonry. 

Columns. 

Foundations. 

Metal Work. 

The component parts must be properly designed and constructed 
so that the structure may be satisfactory. Therefore, each chapter 
is descriptive of the use of the component part in the structure as 
a whole. 

7. Engineering Structures comprise a broad field and can only 
be considered very briefly in this course. Only the moat important 
are discussed. The chapters cover to a certain extent the following; 

Buildings (including roofs). 

Bridges. 

Dams and Retaining Walls. 

Water Supply. 

Sewers and Sewage Disposal. 

Railways. 

Roads and Pavements. 

City Engineering. 

Construction Equipment. 

Specifications. 

The engineering principles and the practical field results are 
combined in the discussion, so that neither shall unduly ovemhadow 
the other. 

8. In all diiscussions of engineering principles, effort is made to 
present the idea in the same manner in each case, viz.; 
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1st. Discuss the general idea, if necessary. 

2nd. State the object of the deduction from which a principle 
is to be determined. 

3rd. Prove the principle and state it. 

4th. Point out the actual application of the principles in engi- 
neering practice. 

5th. Give a problem, illustrating the principle. 

6th. Solve the problem. 

In studying certain parts of the book, it will be advantageous to 
iremember the above manner of presentation. 

9. In addition to the problem illustrating each principle, there 
are many pi'oblems at the end of each chapter, which will be useful 
in acquiring greater familiarity with the subject matter of the 
chapter. 

10. Symbols. — ^The same symbols are used throughout the tejct. 
These symbols are the same as used in all the work of the Depart- 
ment of Engineering at the United States Military Academy, and 
follow a general system, viz.: 

1st. The basic (central) letter names the most important idea 
to be conveyed, thus : b = breadth, F — force, s — 
stress. 

2nd. Several basic letters with the same idea of equal impor- 
tance are designated by primes, seconds, etc., thus: 
F',F", F'", F‘\ 

3rd. The subscripts to the basic letters explain the character 
of the important ideas as conveyed by the basic letters, 
thus: Mf = moment of flexure, So = unit stress of 
compression. If two explanations of the basic letter 
are neces.sary, both are placed as subscripts to the 
letter, thus : at» = allowable unit tensile stress of steel. 

4th. As far as practicable, small letters are used to designate 
unit stresses, and capitals to designate total stresses. 

11. It will be necessary for the student to become familiar with 
these symbols as given below; they are not defined in each discus- 
sion throughout the text; 

A =: arm of cross-section* 

u ss allowable (safe) stress in pounds per square inch, 
called allovrable unit stress. 

urf aaf att etc. rr allowable (safe) unit stresses of compression, shear, 
tension, etc. 

b = breadth. 

C SK constant, 

= diameter, depth of beam. 

d sign of differentiation. 



14 


Civil Engineering* 


E = modulus (measure) of elasticity. 

Et, Ec, Etr = modulus (measure) of tensile, compressive, torsional, 
elasticity. 

F z=z force. 

f = force in pounds per square inch, called unit force. 
g = acceleration due to gravity. 

H = head of water. 
h = height. 

I = moment of inertia of the cross-section of a beam about 
its neutral axis. 

Ip = polar moment of inertia. 

“ == section modulus of a beam. 

y 

L,1=l length, distance. 

X = unit elongation or shortening. 

bonding moment; moment of flexure. 

Mfm.-ri maximum bending moment. 

Mtr = torsional moment. 

= coefficient of friction. 

N = number of revolutions per minute. 

O = origin of co-ordinates. 

OX = axis of X co-ordinates. 

OY = axis of y co-ordinates. 

OZ = axis of Z co-ordinates. 


p = pressure. 

Q = quantity of discharge of water, or other fluid. 
r ss radius of circle or radius of gyration, 
p =: radius of curvature. 

E rs reaction. 

9 = stress in pounds per square inch, called unit stress. 

8t zs unit stresses of compression, shear, tension, etc. 
s/*, Sir = unit stregfws of flexure and torsion in surface of 
a beam. 

(iff) If (9ir)i ssunit stresses of flexure and torsion iit unit distance 
from neutral axis of a Ixtam. 

8fm, Siwi, stm, etc. = maximum unit stressos of flexure, shear, tension, etc, 
Sh = horizontal shear. 

Sv = vertical shear. 

Shmt Swn = maximum horizontal and vertical shear. 
t thickness. 

u ss ultimate (breaking) stress in pounds per square inch, 
called ultimate unit stress. 

udp tc*, ut, etc. =: ultimate (btiwiking) unit stresses of ci»mpresHion, shear, 
tension, etc. 

V = velocity, 

V s= volume. 

W = weight of load. 

w =3 weight uniformly dlstrttuUwl per unit of measure. 
ym =: maximum deflection of a beam. 
a, p, V and q> » angles. 

/ cs sign of integration. 

3= increment 
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MECHANICS OF ENGINEERING. 

f It is necessary to acquire a knowledge of the basic mathematical 
principles of engineering construction. Before the development of 
these principles, construction was based on practical experience, 
and little progress was made; as more and more of the principles 
became known, useless work and useless materials were eliminated. 
Although, at the present time, a foreman on unimportant work in 
the field can follow rules of thumb learned by experience, even this 
experience in the last analysis is based on constructions designed by 
mathematical principles and as the result of practical experiments 
made by men acquainted with the th eppp 
Theory and practice are both necessai^or best results. In this 
text, theory is first considered ; and it is later seen, in the discussion 
of the engineering constructions, that the theory is applied at al- 
most every step of the field work. 



CHAPTER 1. 


FORCES. 

101. An engineering structure, as a building, bridge, or darn, is 
a combination of rigid or resistant bodies, so formed and connected 
that it will withstand the action of external forces to which it may 
be exposed, and still preserve its form. The bodies composing the 
structure are called pieces, and the surfaces where they touch and 
are connected are called joints. 

A machine differs from a structure in that the l)odie.s arc so 
formed and connected that some of their parts can move ujjon 
each other. 

102. In planning and building a structure, the engineer should 
be governed by the following conditions: 

The structure should possess the necessary strength ; should last 
the required time; must be reasonable in cost; and must be suit- 
able for the purpose. In other words, the engineer in projecting 
and executing a work should duly consider the elements of ntrenuth, 
durability, economy, and stdtability. 

103. The designing and building of a structure compri.sc 1hn*e 
distinct operations, as follows: 

a. The conception of the project or plan; 

h. Putting this on paper, so it can be understood ; 

c. The execution of the work. 

The conception of the project or plan requires a perfect netiunini. 
ance with the locality where the structure is to he placed, the ends 
or objects to be attained by it, and the kind and quantity of ma- 
terials that can be supplied at that point for its construction. 

The putting of the plan on paper re(iuires that the <lcsigner 
know something of drawing, as it is only by drawings and models 
accompanied by descriptive memoirs, with estimates of cost, that 
the arrangement and disposition of the various parts, and the ex- 
pense of a proposed work, can be understood by others. The draw- 
ings are respectively called the plan, eleisathn, and erans-xeetion, 
according to the views they represent. A symmetrical structure 
requires but few drawings ; one not symmetrical, or having different 
fronts, will require a greater num^r. These, to be un^rstood, 
must be accompanied by written specifications explaining fully all 
the parts. The estimate of cost is baaed upon the cost of the ma- 
terials, the price of labor, and the time required to finish the work. 
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The execution of the work may be divided into three operations : 

(1) Laying out the work in the field ; 

(2) Putting together of the materials into parts; 

(3) Combining of these parts in the structure. 

These three operations in the execution of the work require: 

(a) A knowledge of surveying, leveling, and other operations 

incident to laying out the work; 

(b) A knowledge of the physical properties of the materials 

used ; 

(c) A knowledge of the art of forming them into the shapes 

required ; 

(d) The ability to join materials and shapes together to best 

satisfy the conditions that are to be imposed upon the 

structure. 

EQUILIBRIUM OF FORCES. 

104. As the pieces of an engineering structure do not move upon 
each other, they must be in equilibrium. If the structure is in 
equilibrium and another force acts upon it, then this force must be 
transmitted throughout the structure and resistances must be de- 
veloped so that the forces are again in equilibrium ; otherwise the 
structure will move. If the structure does not move, it is in equili- 
brium and is a properly arranged structure; if it should move, it 
would break and would cease to be a properly arranged structure. 

106. Free Bodies. — It is sometimes convenient to consider a por- 
tion of an engineering structure as a “free body” ; that is, the por- 
tion in question is considered as having been separated from the 
rest of the structure, while continuing to be acted upon by the same 
forces as when it formed an integral part of the complete strue- 



Fii. 106 A 

ture. Since, by definition, an engineering structure, or any part 
of it, must he at rest, the forces acting upon the “free body” must 
form a system in equilibrium. For example, if we conceive the 
highway bridge shown in Fig. 105A to have been cut in Iwdf by the 
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plane CC', and the left half removed, the remaining portion (Fig. 
105 B) must be in equilibrium under the forces acting upon it. 



which are, the stresses in the three members cut, the reactions R"' 
and R*’', the weight of this portion of the bridge, and the weight of 
the truck shown. 

Conditions of Equilibrium. 

106. In order that there may be equilibrium in any structure, it 
must have no linear or rotary motion. To produce this condition, 
it is necessary that the forces fulfill two general conditions, viz . : 
that the algebraic sum of the components of all the forces in any 
direction must be equal to zero, and the algebraic sum of the 
moments of the forces around any axis must be equal to zero. 

107. In considering the forces that act upon a structure, it is 
generally assumed that the forces which act on each elementary 
part, and sometimes on the entire structure, form a co-planar 
system; that is, the action lines of all the forces lie in the 
same plane. Actually they do not all act in the same plane, 
but the assumption is satisfactory and the forces are substantially 
correct as assumed. For example, if the walls of a building are 
L feet long, weight W pounds, and are supported by A square feet of 
foundation; it is usually satisfactory to consider Wi'L for each 
linear foot of foundation as though each unit of weight acted in 
the same plane. 

108. In engineering design, it is customary to separate the forces 
into vertical and horizontal components. This makes two fixed 
conditions out of the general condition of equilibrium *‘that the 
algebraic sum of the components of all of the forces in any direc- 
tion must be equal to zero." Therefore, these general conditions 
of equilibrium of co-planar forces are, in the usual case, expressed 
as three conditions, thus: 
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a. The algebraic sum of the vertical components of the forces 
must he equal to zero. 

b: The algebraic sum of the horizontal components of the forces 
must be equal to zero. 

c. The algebraic sum of the moments of the forces, about any 
axis perpendicular to the plane of the forces, must be equal 
to zero. 

Equations of Equilibrium. 

109. In order to prevent confusion of signs and moments, it is 
a rule in this text that: 

a. Components acting upward or to the right are considered 

positive; those downward or to the left, negative. 

b. Clockwise moments are considered positive; counter-clockwise 

moments, negative. 

110. Following the above rule, the three conditions of equili- 
brium are expressed by the following equations, as illustrated by 
Fig. 110 A, in which 0 is the center of moments: 

F' sin a + F" sin p + F'" sin y + F'” sin q> + etc. = 0 (IlOA) 

F' cos a + F" cos p + F'" cos y +F‘' cos cp + etc. = 0 (HOB) 

F' I' sin a+F" I" sin p+F'" I'" sin y+F'' sin cp + etc. = 0 (HOC) 
In each of these equations, F', F", etc., are the intensities of the 
foi*ce.s; it, p, y, etc., fix the directions; and V, I", etc., fix the dis- 



Fig. no A 

tance from the center of moments to the action line of each force 
measured on a horizontal line through the center of moments, thus 
fixing at least a point on the action line of each force. The three for 
each force fix the force definitely. 
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Application of Equations of Equilibrium. 

111. Since only three unknown quantities can be determined from 
three equations, it is evident that in a determinate problem all of 
the other quantities must be known. Also, since V, i", etc., enter 
but a single equation, only one of these distances can be unknown. 

It is not, however, always necessary to use the thi'ee general 
equations in complete form. As shown below, certain ones become 
identical in some cases, their terms i^educe to zero in others. The 
general equations are, nevertheless, the basis of all computations 
on engineering structures. 

112. Concurrent Forces. — If the action lines of the forces inter- 
sect at a common point, and if the center of moments be taken at 
this point, the first member of equation HOC reduces to zero for all 
values of the forces; or it reduces to equation IlOA if the center 
of moments is taken at another point on the horizontal line through 
the point of intersection of the action lines. Therefore, the equa- 
tions of equilibrium become only two in number. Prom this we see 
that, with concurrent forces, it is possible to determine only two 
unknown quantities, and neither of these can be the distance to the 
action line of a force. 

113. Parallel Forces. — ^If the action lines of the forces are parallel, 


a = P =7 = qi, and the equations become 

F' sin « + F" sin a + F'" sin n + F” sin a + etc. -= 0 (11.3 A) 

F' CO.S n + F" cos a + F'" cos a + F'* cos « + etc. 0 (1 13It) 

F' V sin a-i-F" I" sin a +F'" V"»ln u+F'" sin u i-etc. 0 (1 IIJC) 

Dividing by sin a and cos a, we obtain 

F' + F" + F'" + F'’' + etc. 0 (USD) 

F' + F" + F'" + F'» + etc. r- • 0 (USE) 

F' I' + F" I" + F'" I'" + F'’ I"' + etc. 0 (llSP) 


The first two equations are identical, leaving only two independ- 
ent equations. Prom this we see that, with parallel forces, it is 
possible to determine only two unknown quantities, and only one of 
these can be the distance to the action line of a force. 

114. Non-concurrent and non-parallel forces, — If the action lines 
are non-concurrent and non-parallel, then the three equations of 
equilibrium are wholly independent; and it Is possible to determine 
three unknown quantities, provided that only one of the unknowns 
is the distance to the action line of a force. 

115. Besultants. — ^If any system of forcas is in equilibrium, the 
resultant of any selected forces must be in equilibrium with the 



Forces. 


21 


remaining forces. From this, we conclude that any force must be 
equal and opposite to the resultant of the others — ^that the resultant 
of any two forces must be equal and opposite to the resultant of the 
remaining forces, etc. This is correct in a concurrent system where 
one force can be equal and opposite to the resultant of other forces ; 
but in a parallel system, and often in a non-concurrent system, it is 
found that the resultant of certain forces may form a couple ; there- 
fore, in such systems, this couple must be equal and opposite to 
another couple, and cannot be equal and opposite to a single force. 
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116. Problem. — (Fif?. 116A). A riRid bar MN is at rest under the action of 
the four forces F', F", F"', pir. By use of the equations of condition for 
equilibrium determine the intensity and point of application of the force F’it. 

Solution. — ^Using the equations 

F' sin o + F" sin P + F'" sin y -1- sin <p + etc. = 0 (10S)A) 

F’ cos a + F" cos P + F'" cos y + cos (p + etc. = 0 UOOB) 

F' r sin a + F” I" sin p + F’"' 1'" sin y + /<’>'' sin <p + otc.= 0 (1090) 

Taking moments around M, and making proper substitutions, wo have 

- 4 + 8 sin 46* + 8 sin 45° - = 0 

8 cos 45° — 8 cos 46° 0 

4 X 0 — 4 X 8 sin 46* — 14 X 8 sin 46° -f- F*’’ = 0 

Oombining and solving, we have 

Fiv = 7.3 pounds 
pv ~ 14' from Af 

MOLECULAR ACTION. 

117. Every solid body is formed of molecules, grouped together 
by certain laws. Each molecule is so related to those surrounding 
it that its po.sition cannot be changed except by the application of 
an extraneous force. 

If a solid, which is not allowed to move from its place, be acted 
upon by an extraneous force, the equilibrium of the internal forces 
acting between the molecules will he disturbed and variations 
caused in the distances between the molecules and in the intensities 
of the forces that bind them together. 

By these variations, an equilibrium between the external and in- 
ternal forces is effected, and an alteration of the form of the solid 
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is caused. This alteration of form is called a strain, and the force 
by which the molecules resist it is called a stress. 

External forces, therefore, acting upon solids not free to move 
cause strains and develop stresses in the bodies so placed. 

Classification of Stresses. 

118. If a solid body like a beam (Figs, 118A, B, C, D, E) be 
firmly fastened at one end so that it will not move, and then be 
acted upon by an extraneous force, this beam will be subjected to a 
strain. Stress will be developed in the beam to resi.st the strain 
and to establish an equilibrium between the external and internal 
forces. 

Let us assume that AB and CD are two adjacent scction.s of the 
beam perpendicular to the axis. Suppose these sections to take 
all the positions they can have with respect to each other. 



a. Let the action of the straining force be such that the section 
CD, while remaining parallel to AB, shall move away from it. 
(Fig. 118A.) This can be done only by lengthening the fibers con- 
necting the two section.s ; and since the sections remain parallel, by 
lengthening all of them an equal amount. 

This lengthening of the fiber.H is called a strain of tension, the re- 
sistance offered by the fiber is called a tensile stress, and the ex- 
ternal force producing the strain, a tensile force. 


A c a 


B ly o 


jnt.nsB 
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5. If the force acting on the section CD is such as to make it 
approach AB but still be parallel to it (Fig. USB), the fibers would 
be shortened. The strain is one of compression; the stress, com- 
pressive; and the straining force, a compressive force. 

c. Suppose the section CD, under the action of the force, to move 
past AB, while the planes of the sections remain parallel. This 

action would require the fibers to be distorted 
as shown in Fig. 118G, in which the fiber ab 
takes a new position as ab'. This distortion 
is called a shearing strain; the stress, a 
shearing one, or simply a shear; and the 
straining force, a shearing force. 

Fig. 118 C 

d. The section CD may be made to revolve around FE as an axis. 
The fiber mn will then become distorted to position mn' (Fig. 



118D). This distortion is called a strain of torsion; the stress, 
torsional; and the force one of twisting. 

c. Suppose the section CD, under the action of the force, had 
taken a position as C'D', as shown (Fig. 118E). This position 
could not have been assumed unless the fibers were deflected ; that is, 
the fibers above the axis of rotation lengthened, and those below it 


A C 


a 

c 

■v, 

h 

6'* 

d 

d* 


D’ 


D' 



1 


I 


Fig. 118 E 
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shortened. The distortion of the fiber in this case is called a 
strain; the stress, a bending one, and the straining force, a bending 
force, or force of flexure. 

119. Examples. — ^Weights, either permanently or temporarily ap- 
plied, form the extraneous force.s that ordinarily .strain a .structure. 
The stresses developed are as follows : 

а. Tensile : as the stress developed in a vertical I’od, chain, etc., 

fastened at the upper end and siustaining a weight at the 
lower end. 

б. Compressive : as the .stress developed in a pillar when a load 

is placed on its top. 

c. Shearing: as the .stress developed in the rivets holding two 

plates together, by a force which tend.s to slide one plate 
along the other. 

d. Torsional: as the stress developed in the shaft of a wimllaHS 

when lifting a weight. 

e. Bending : as the stress developed in a. beam supported at its 

ends, and with a weight placed upon it between the .supp<»rts. 
It is to be noted that the force caiwing boinling .stni.ss may 
also cause one or more of the other strcsse.s at the .same 
time. 

120. Laws of Elasticity. — From a great number of experiment.H, 
made on a great variety of materials, it has been found that 
practically, 

Ist. All bodies are alastic. 

Snd. Within certain liniitH, they may ha cmMilered tts per- 
fectly elastic. 

Srd. Within the, field of perfect iilnstidty, the nmount uf de- 
formation is directly proportional to the force that pro- 
duces it. 

Uh. Beyond the limit of elasUeity, the. amount of deformation 
■ is not proportional to the force that prod nets it. 

121. Limit of Elasticity.. — If the force applied to a tuKly is small 
enough, that is, within the field of perfect elasticity, the Iwdy will 
return to its original dimensions upon removal of the force. If the 
force is large enough, that is, beyond the field of perfect elasticity, 
the body will not return to its original dimensions upon removal 
of the force. It will be somewhat changed in dimensions; this 
change is called a permanent set The limit of elasticity is the unit 
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adopted for measure to the end of the field of perfect elasticity; 
therefore, we have the definition : 

The limit of elasticity of any material is the greatest 
unit force which may he applied to, or the greatest unit 
stress which may be developed in, the material without 
producing a permanent set. 

122. Modulus of Elasticity. — ^For a body of any material, the 
strain or distortion will be different if acted upon by different 
forces. Even with the same unit force, the strain or distortion will 
be different for different materials. Therefore, there must be a 
measure of the strain or distortion of different materials. This 
measure is called the Modulus or Coefficient of Elasticity, which is 
expressed by the definition: 

The Modulus* of Elasticity of any material is the 
quantity obtained by dividing the unit force or unit 
stress, not exceeding its limit of elasticity, by the corre- 
sponding unit strain or distortion. 

From the definition, it is seen that the Modulus of Elasticity is 
simply a constant for each material in accordance with its third 
law of elasticity (par. 120). Expressing this law by an equation, 
we have 


F 



L 


(122A) 


in which E is the Modulus of Elasticity, F the total force, A the 
area of cross-section, I the distortion, and L the total length. 

This equation may be expressed in the form 


F I 

— = E— (122B) 

A L 


which is of the same form as the equation of a right line, 


y — mx. 

E has the same position in the equation as the coefficient m ; hence 
it is often called the coefficient of elasticity. 


123. intimate Strength. — If the force on the body is increased 
until the material ruptures (breaks or tears apart), the ultimate 

* Modulus is « latin word meaning mecuure. 
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strength of the material has been reached. Expressed as a defini- 
tion, we have: 

The ultimate strength of any material is the unit force 
applied to, or the unit stress developed in, the material at 
the moment of rupture. 

Since the ultimate strength of a material can be accurately meas- . 
ured.(and the limit of elasticity cannot), it is usually taken as 
the basis of calculations in civil engineering. In other branches of 
engineering, however, the elastic limit is often used as a basis for 
calculations. 


DESIGNING. 

124. In planning a strucluro, three general problems are to be 
considered : 

a. The general type of the structure. 

b. The nature and magnitude of the forces which are to act 

upon it. 

c. The proper distribution and size of its various parts, so that 

they shall successfully resist the action of these forces. 

126. The nature and magnitude of the forces must be determined 
after consideration of the purpose of the structure, the location, aj»d 
the forces which it will have to sustain in order to carry out the 
purpose for which it is intended. For example, if the .striu-ture is 
to be a bridge, the problem will require consideration of the loads 
that will come upon it, the wind forces, the foundation, acti<tn 
of floods, etc. 

126. The determining of the proper distribution and size of the 
various parts is simply a series of problems of computing the form 
and dimensions of each elementary part. Cost of material ami de- 
terioration are considered. The atan<lard sizes as commercially 
manufactured should preferably be used, because it Is not passible 
to buy at a reasonable price the exactly calculated sizes. 

127. Factor of Safety.^ — ^In calculations, allowance must be made 
for unknown weaknesses in the material and for excessive loading. 
The allowance is called factor of safety, and is the ratio of the ul- 
timate to the allowable unit stress. It is employed to determine 
the allowable unit stress when the tables give only the ultimate or 
breaking unit stress. 

The factor of safety depends on the uniformity of structure of 
the material and the character of the force which must be resisted. 
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The table below gives values of such factors for ordinary build- 
ing materials: Quiescent Varying 

Force: Force: Shock: 

Buildings Bridges Machines 

Timber and cast iron 6 9 12 

Steel and wrought iron 4 6 8 


Engineering handbooks give the allowable unit stresses as well 
as the ultimate unit stresses. If not given directly for any par- 
ticular material, the ultimate stress is obtained by experiment or 
calculating from data in hand-books and divided by the factor of 
safety in order to determine the allowable unit stress to be used 
in the engineering structure contemplated. For example, if a piece 
of steel to be used in a building has an ultimate unit stress of 60,000 
pounds, the allowable unit stress is 60,000/4 pounds, or 15,000 
pounds. 

PROBLEMS. 

P. 101. (Fig, P. 101.) By use of the e4Tiations of condition for equilibrium, 
determine completely the force which will produce equilibrium with the forces 
shown in the figure. 



shown in the figure. 

P, 103. (Pig. P, 103.) A semi-circular disk is acted upon by forces as shown 

in the figure. By use of 
the equations of condition 
for equilibrium, determine 
the directions and intensit- 
ies of the parallel forces, 
which if applied at A and 
B, will hold the disk at 
rest. 

C = 6 pounds, 

P 3 pounds, 

F = 4 pounds, 

F = 5 pounds. 

Fig. P. 108* 
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P. 104. (Fig. P. 104.) A beam AB is at rest. By use of the equations of 
condition for equilibrium, determine the intensities of the forces A and B* 



Fig. P. 104. 


P. 106, (Fig. P. 105.) By use of the equations of condition for equilibrium, 
determine the forces which if applied at A and B, will produce equilibrium. 



P. 106, (B'ig, P, 106,) By use of the equations of condition for oquilil^rium, 
determine the vertical forces X and F, which will produce equilibrium in the 
figure. 



Fig. P. 106. 


P, 107. (Fig- P. 107.) A triangle is at rest under the action t»f five forces. 
The three given forces are shown in the figure, and intersect the sides of the 
triangle midway between base and vertex. The two unknown force.M are panillol 
and applied at A and B. Dotormine their direction and intensities by use of 
the equations of condition for equilibrium. 



Pig. P. 107. 
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P. 108. (Fig. P. 108.) A beam acted upon by lour forces as shown in the 
figure is at rest. By use of the equations of condition for equilibrium, deter- 
mine the intensities of the forces x, y, and z. C = 10. 



sin. 60'’= 0.9 Coa. 60°=0.5 Sin. 45°“ 0.7 

Fig. P. 108. 


P. 109. If the modulus of elasticity of cast-iron is 16,000,000 pounds per 
square inch, how much will a bar 2" by 3" by 6' stretch under a tension of 
5,000 pounds? 

P. 110. Two bars, one of steel, 4" by 1" in rectangular cross-section, and 
one of brass, 4" by %" in rectangular cross-section, hre rigidly joined to each 
other, side by side. The combined bar is then subjected to a load of 24 tons 
of 2,000 pounds each. Find the load carried by each bar. Neglect weight 
of bars. E for brass equals 9,000,000 pounds per square inch. E for steel 
equals 30,000,000 pounds per square inch. 



CHAPTER 11. 


TENSION, COMPRESSION, SHEARING, TORSION, 

FLEXURE. 

TENSION. 

201. Tensile Stress. — If a stool rod is fixed at one end an<I pulled 
with a force, F, at the other, it is found by experiment that 

а. All the fibers are elongated. 

б. The elongation is proportional to the unit force applied, if 

the elastic limit is not exceeded. 

202. It is assumed that the material is homogeneous, and that 
the stress is therefore uniformly distributed over each area of 
cross-section. Expressing this in an equation, wo have 

F 

(202A) 

A 

That is, the unit tmnle Htrons equals the mit fonx ajypUod. 

(Note: No consideration is prison to ehanpfc in area of lUio to 

application of the force,) 

203. Limit of Tensile Elasticity. — If the rod i.s made <>f sirne- 
tural steel and the force pulling it is gradually inerwused, the rod 
will stretch proportionally until the force is about 35,000 pounds 
per square inch. Up to that unit force, the rod will rcltjrn to its 
original dimension.^ if the force is removed. This is the limit of 
tensile elasticity. If the force is increased beyond about 35,000 
pounds per square inch, the rod will not thereafter .stretch propor- 
tionally, nor will it return to its original dimensions if the force is 
removed ; it will have received a permanent set. 

The limit of temilc elasticity of any material is the 
greatest unit tensile force which may be applied to, or 
the greatest unit tensile stress which may be developed 
in, a rod of the material without producing a permanent 
set. 


204. Modulus of Tensile Elasticity.— Prom paragraph 122, we 
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have a definition of the modulus of elasticity and the equation 


A 


(122A) 

1 



£■ 

F 


we have 

Et=4‘ 

(204A) 


L 


That is, the modvlus of tensile elasticity of any material is the 
quantity obtained by dividing any unit tensile force or stress, 
within the limit of elasticity, by the corresponding unit elongation. 


205. Problem. — Find the modulus of tensile elasticity of a round bar of 
wroupfht iron, in diameter and 16' long, which elongates %" under a 
tensile force of 21,000 pounds. 

Solution. — Using equation 204A: 

F 

T (204A) 

I . 

L 


Substituting the values from the stiitement of the problem, we have 

21,000 

Kt — ■■■■.■MM 26,2«4,500 pounds per sejuare inch. 

16 X 12 

206. intimate Strength in Tension. — ^If the force pulling the 
steel rod is increased until it reaches about 70,000 pounds per 
square inch, the rod will be torn apart, thus indicating that the 
ultimate tensile strength of steel is about 70,000 pounds. 

The ultimate strength in tension of any material is the 
unit tensile force applied to, or the unit tensile stress de- 
veloped in, the mxiterial at the moment of rupture. 

207. Stress-strain Curvew — Tf, on a piece of cross-section paper, 
wo lay off as ordinates the successive unit tensile forces applied to 
a rod, and lay off as abscissas the corresponding elongations, we 
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obtain a stress-strain curve for that material (Pig. 207A). A 
testing machine may be arranged to plot this curve automatically. 



207 A 

Inspection of this curve shows: 

a. It is a right lino up to the point li, which is the limit of 
elasticity. 

?). At this point, B, the elongations suddenly increase, due to 
the yielding of the material when it, passes beyond its 
limit of elasticity. This is called the yu'XA. poiHt. 
c. Thereafter, increased force is necos-sary to rupture the piece. 
This takes place at the point, I), which is the point of 
rupture. 

jtl. The piece does not tear apart immediately at rupture; it 
still lengthens, and force must still Imj applied to tear it 
'apart. However, the ultimate strength of rupture is the 
force at the point, D, as thereafter a smaller force can 
produce rupture. 

208. Allowable Unit Tensile Stress. — ^The allowable unit tensile 
stress is the greatest unit tensile stress to which it is safe to sub- 
ject a material. It must be less than the ultimate strength in 
tension, and for building materials, it is less than the limit of 
tensile elasticity. It is obtained by dividing the ultimate strength 
in tension by a suitable factor of safety. 

209. The table below giv^ general values of the constants above 
described, in pounds per square inch, for ordinary building ma- 
terials. However, they vary considerably for different varieties 
of same material. 
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Constants 

Wood 

Stone 

Cast Iron 

Wrought 

Iron 

Steel 

Limit of tensile elastic- 
ity 

3000 


i 

6,000 

15,000,000 

26,000 

27,000,000 

35,000 

Modulus of tensile elas- 
ticity Et 

1,000,000 

1,000,000 

30,000,000 

Ultimate strength in 






tension ut 

10,000 

500 

18,000 

48,000 

70,000 

Allowable unit stress in 






tension at 

1,000 

j 50 

3,000 

12,000 

16,000 


Application. 

210. The ordinary problem of design in tension consists in de- 
termining the area of cross-section to safely resist a given tensile 
force. We use equation 202A, thus: 


F 

St = — (202A) 

A 

Substitute the allowable value, at, for the general value, s*, thus : 

F 

at =— (210A) 

A 

Make the proper substitutions and determine the area of cross- 
section necessary, 

211. Problem. — Find the size of a round wrought-iron rod to carry safely 
a tensile stress of 100,000 pounds. 

SoIution.^ — Using equation (210A) ; 


F 

Ot = — 

A 

Making proper substitutions, we have 

100,000 

12,000 = 

wr* 


S<»lving, we obtain 


r == 1.628" 


(210A) 


(211A) 

(2UB) 


Work Performed by Tensile Force. 

212. The force applied to lengthen a rod may be either a 
gradually applied force or a suddenly applied force. A gradually 
applied force is one which gradually increases from zero to a maxi- 
mum; a suddenly applied force is one whose intensity is constant. 
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If a weight of one pound is suddenly placed in the scale-pan of a 
spring balance, it will cause the scale-pan to temporarily descend 
for I" inches, but it will finally come to rest at say I' inches. If 
this weight of one pound is applied gradually, as by pouring sand 
grain by grain into the scale-pan, it will cause the scale-pan to 
descend I' inches, but no further. To make it descend I" inches, 
more sand must be poured in. 


213. Work of Gradually Applied Force. — The expression for the 
work done by a gradually applied force, which is a varying force, is 

Work --■= / F dl (213A) 

in which F = varying intensity of the force; 

Z = path of force. 

Taking equation 122A: 

F 

*7 EAl 

E = ^ or F- (122A) 

» Ij 


L 


Substituting this value of F in equation 21 3 A, we have 


I FA 

Work = SFA — dl f Un {2i:tB) 

L *■' 


Integrating for values between V and 0, we have 


Work of a gradually applied force 
in which F' is the intensity at V. 


FAV* F' V 

_ ^ 


(213C) 


214. Work of Suddenly Applied Forces — ^Taking the most com- 
prehensive case, that of a weight suddenly applied at the end of a 
rod suspended vertically, and disregarding weight of the rod, we 
have 


Work = Force x Path + Kinetic Energy « WZ-f 


in which. 


WV* 


W = intensity of the force (weight) 
I = path of the force at any instant 


(214A) 


When the rod has reached Its greatest temporary elongation, V 
becomes zero, and we have the equation for the maximum work 
done, namely 


Total work = Wl 


(214B) 
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Applying finite values, F" and I”, to the general equation 214B, 
we have 


Total work of suddenly applied force = F"l" (214C) 


in which F" is the intensity of the suddenly applied force through- 
out the length I". 

To obtain an expression for the work of a suddenly applied force 
in terms of the modulus of elasticity, area of cross-section, elonga- 
tion, and total length, let Zi" be the maximum elongation which 
will be obtained if the force F” is gradually applied, this being 
likewise the permanent elongation if the force F" is suddenly ap- 
plied. Then we have, by substituting these finite values in equa- 
tion 122A, 


F" 



or 



(214D) 


L 


Substituting this value of F" in equation 214C, we obtain 

FAh" 1” 

Total work of a suddenly applied force = F" I” = — -- — 

(214E) 

in which F" is the intensity of the suddenly applied force which 
will produce a temporary elongation of I” and a permanent elon- 
gation of li". 

216. Relation Between Work of Gradually and Suddenly Applied 
Forces. — To determine the relation between the work performed 
by the two methods of applying the weight, we take equations 213C 
and 214C, make the l'= I", thus making the work of one equal to 
the work of the other, and find the relation between F' and F". 
We then obtain 

jP" I 

= F" I (216A) 

2 

F' 

— = F" (216B) 

2 

From this we see that 

1. The work performed by a euddeitly applied tensile 
force, within the limit of elasticity, is equal to that per- 
formed by a gradually applied force of double its intensity. 

2. A suddenly applied force will, within the limit of 
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elasticity y 'produce a temporary strain as great as the per’* 
manent strain produced by a gradually applied force of 
double its intensity. 

S. Since within the limit of elasticity the unit strain 
varies directly with the unit force, it follows that if a 
suddenly applied unit force is not to produce a permanent 
set, it m'ust not exceed one-half the limit of elasticity. 

216. Problem- — A certain tensile force, suddenly applied, expends 50 foot- 
pounds of work in elongating a horizontal steel bar 35' long. Determine the 
elongation of the bar in inches, A = square inch, E 30,000,000 pounds. 

Solution. — ^Using equation 214E and remembering that Z/' == Z'Vjv, we have 

Work of a suddenly applied force :::r; 

L 

Substituting proper values, we have 

30,000,000 X \ X r'2 

12 X 50 1 

?2 X 35 X2 

Solving, we obtain 

r 0 . 18 " 

217. Graphical Representation of Work Done. — In Fijf. 207A, 
the area between the stress-strain curve, the axis of elongation, 
and the ordinates of the curve is a measui-e of the expression 
/ Fdl; that is, it is a measure of the work done. The work of 
stretching the rod to its elastic limit is representeti by the area 
included up to the ordinate of the point B, and is quite'small ; the 
work of tearing the rod apart is represented by the area included 
up to the ordinate of the point C, and is quite large. 
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218. Elongation of a Rod of Uniform Cross-section. — ^Let it be 
required to determine the elongation of the rod due to its own 
weight, within the limit of perfect elasticity- In Fig. 218A, 

Let BC — &y = length of an elementary portion of the rod in 
inches ; 

w = weight of a cubic inch of the rod in pounds ; 

A = area of cross-section in square inches ; 

L = original length of the rod in inches ; 

Z = elongation of the rod in inches ; 
dZ = elongation of the elementary portion in inches; 
F = tensile force in pounds on the area of cross- 
section at D. 

Then, Ay = volume of rod between 0 and D; 

Awy = weight of rod between 0 and D ; 

F=Awy = force applied to cross-section D. 

Taking equation 122A for the coefficient of tensile elasticity, 

F 

Et =£ 

I 

L 

and substituting the above values, we have 

Awy 

A~ (218A) 



dy 


Transposing, we have for the elongation of the elementary por- 
tion of the rod at I) 

Awydy 

dl = — (218B) 

AEt 

To fm<l the elongation of the rod due to its own weight, we in- 
tegrate between the limits y = 0 and y = L. This gives 

IwUA wU 

I I. (218C) 

AEt 2Et 

219. To find the elongation of a rod due to a weight equal to its 
own weight suspended at its lower end, neglecting the weight of 
the rod Itself, we have 

wAL = weight of rod 


(219A) 
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Hence, F = wAL = tensile force at cross-section D, and every other 
cross-section. 

Substituting this value of F in equation 112A, we have 

wAL 

“i" ■ (219B) 




1 = 


wL- 

~Et 


(219C) 


220. Comparing equations 218C and 219C, we see that the 
elongation of a rod due to its own weight is oyie-half the elonga- 
tion caused by suspending from its lower end a iveigkt equal to 
that of the rod, and neglecting the weight of the rod itself. 

The above discussions (paragraph 212-220) are equally appli- 
cable to work performed by compressive force, and shortening 
of a vertical column under its own or a superimposed weight, with- 
in the limit of elasticity. 

221. Problem. — A wrought-iron bar is 10' long and of a square Inch In 
cross-section. Find the weight which, suspended from the lower end of the 
bar, will, together with the weight of the bar, produce an elongation of J". 
Weight of wrought-iron = ‘180 pounds per cubic foot (5/18 pounds per cubic 
inch) . 

Solution. — Equation 122A gives elongation duo to suspended weight: 

F 

A FL 

= 1 = 

'■ KiA 

L 

Equation 218G givea elongation due to own weight: 

wU 

ZEt 

The total elongation is the sum of these two, thus: 

FL wL* 

Total elongation s= — - 4 . — — 

EtA ZEt 

Substituting proper values, wo have 

F X 120 A X 120 X 120 

i = + 


<122A) 


(218C) 


(221A]| 


Solving, we obtain 


27,000,000 X 4 2 X 27,000,000 

F3b 18,747| pounds 
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222. Compressive Stress. — If a steel rod is fixed at one end and 
a compressive force applied at the other, it is found by experiment 
that 

а. All the fibers are shortened. 

б. The shortening is proportional to the unit force applied, 
if the elastic limit is not exceeded. 

(Note. — These laws apply only if the length of the rod does not 
exceed 10 times its least dimension of cross-section, as the stress 
of bending must then be considered. This is discussed in Chapter 
,XIV on Columns.) 

It is assumed that the material is homogeneous, and that the 
stress is therefore uniformly distributed over each area of cross- 
section. Expressing this in an equation, we have. 


F 

Sc = — (222A) 

A 

That is, the unit compressive stress equals the unit force applied. 

223. Limit of Compressive Elasticity. — The limit of compressive 
elasticity is determined in a manner similar to the limit of tensile 
elasticity (paragraph 203). Its definition is: 

The limit of compressive elasticity of any material is 
the greatest unit eo?npressive force which may he applied 
to, or the greatest compressive stress which may be de- 
veloped in, a short rod of the material without prodvunng 
a permanent set. 

224. Modulus of Compressive Elasticity. — ^From paragraph 122, 
we have a definition of the modulus of elasticity and the equation 


E = 


F 

I 

L 


(122A) 


z. 

Applying this to compression, we have ■B'o = ^ 

L 


(224A)' 


That is, the modulus of compressive elasticity of any material 
is the force, or. stress obtained by, divtSdna anv unit compressive 
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force or stress, within the limit of elasticity, by the correspond- 
ing unit shortening, 

225. Ultimate Strength in Compression. — If the compreasivo 
force on a structural steel rod is increased until it reachOvS about 
50,000 pounds per square inch, the rod \vill be crushed (ruptured) , 
thus indicating that the ultimate crushing strength is 50,000 pound.s. 
The rod must be so short that it is crushed before bending. If of 
steel, the rod will crush first if its diameter is not less than one- 
tenth of its length ; if of wood, its diameter must be not less t han 
one-fifth of its length. 

The ultimate strength of ortishing of any material is 
the unit compressive force applied to, or the unit com- 
pressive stress developed in, the material at the. moment 
of rupture. 

226. Stress-strain Curve. — A curve for compres.sion will be of 
the same general character as that for tension (Fig. 207A). F<»r 
certain materials, the limit of elasticity and the ultimate .strength 
for tension and compression are so nearly equal that it i.H quite 
usual to employ the same values for both. 

227. Allowable Unit Compressive Stress. — The allowable unit 
compressive stress is the greatest unit compressive stress to which 
it is safe to subject a material. It must be le.ss than the ultimate 
strength, and, for building materials, it is usually le.s8 than the 
limit of elasticity. It is obtained by dividing the ultimate strength 
by a suitable factor of safety. 

228. The table below give.H general values of the constants above 
described in pounds per square inch for ordinary buibling materials. 


Constants 

Wood 

8u)n«! 

; Ctnt Inm 

j Wr’«*t trim 


Limit of Compressive j 




1 ' 


elasticity 

»,000 


6,000 

! 26,000 ! 

1 j 

i ; 

05,000 

Modulus of Compresslvo 


elasticity 

1,000,000 

1 , 000 , 000 ! 

15,000,000 

27,000,000 : 00,000,000 

Ultimate stren^irth in 



1 

! 


compression * 

6,000 

6,000] 

80,000 

4H,0(K) : 

50,000 

Allowable unit stress in 

i 

j 




compression Oa . . « * « • 

m 

600 1 

10,0001 

10,000 : 

16,000 


Application. 

229. The ordinary problem of design in compression consists in 
determining the area in cross-section to safely resist a given force 
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in compression. We use equation 222A, with allowable unit stress 
in compression, thus: 

F 

ao= — (229A) 

A 

Make the proper substitutions, and determine the area of cross- 
section. 

230. Problem. — What is the greatest weight in compression which can be 
carried by a cube of building stone which measures 10" on an edge? 

Solution. — Using equation 229 A: 


F 


ao = — 

(229A 

A 


Making proper substitutions, we have 


F 


600 = 

(230A) 

10 X 10 


Solving, we obtain 


F = 60,000 pounds 

(230B) 


SHEARING. 

231. If two steel plates are riveted together, and a force is then 
applied to slide one along the other, it is found by experiment . that 

a. The fibers of the shank of each rivet are equally distorted 
laterally. 

h. The distortion is proportional to the unit force applied, if 
the clastic limit is not exceeded. 

It is aa.sumed that the material is homogeneous, and that the 
stress is therefore uniformity distributed over each area of cross- 
section. Expressing this in an equation, we have 

F 

s. = — (231A) 

A 

That is, the unit nhearing stress equals the unit force applied. 

232. IariH of Shearing Elasticity. — It is difficult to measure ac- 
curately the distortions produced in the rivets as the force shears 
them ; but most effective measurements place at 30,000 pounds per 
square inch the limit beyond which a shearing force will produce 
a permanent set in rivets made of steel. 

The limit of shearing elasticity of any material is the 
greatest unit shearing force which may be applied to, or 
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the greatest unit shearing stress which may be developed 
in, the material without producing a, permanent set. 

233. Modulus of Shearing Elasticity. — ^From paragraph 122, we 
have a definition of the modulus of elasticity and the eiiuation 


F 



L 

F 

A 

Applying this to shearing, we have E* 

L 


(122A) 


(233 A) 


That is, the modulus of shearing elasticity of any material i.s the 
force or stress obtained by dividing any unit shearing force or 
stress, within the limit of elasticity, by the. corresponding unit 
distortion. 

As with the limit of shearing elasticity, thi.s cannot be exactly 
measured; but the most effective results indicate that it is about 
9,000,000 pounds per s<iuarc inch for steel. 


234. Ultimate Strength in Shearing. — If the shearing force is 
increased until it reaches about 70,000 pounds per sciuare inch, steel 
rivets will be ruptured along planes perpendicular to their axes, 
thus indicating that the ultimate shearing strength is about 70,000 
pounds. 

The ultimate strength in shearing of any materud is 
the unit shearing force applied to, or the unit shearing 
stress developed in, the material at the moment of rupture. 


235. Allowable Unit Shearing Stress. — The allowable unit shear- 
ing stress is the greatest unit shearing stress to which it is safe to 
subject a material. It is obtained by dividing the ultimate strength 
in shearing by a suitable factor of safety. The table below gives 
general values of the constants above described, in pounds per 
square inch, for ordinary building materials. 


ConBtantH 

Ultimatestrength in Bhearing 
Allowable unit ahoaring «tre«a a« 


Wood with 
gmin 

m 

150 


W(K»d 

Mrrowt KNtln 


Vmmt, tftm ) 


Wrmiaht 

Iron 


numt 


3.000 i 20,000 j 40,000 j 70,000 

1.000 j 3,000 I fl, 0 M 12 , 0 «l 
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Application. 

236. The ordinary problem of design in shearing consists in de- 
termining the area in cross-section to safely resist a given force. 
We use equation 231 A, with allowable unit stress in shearing, thus: 

F 

= — (236A) 

A 

Make the proper substitutions, and determine the area of cross- 
section. 

237. Problem. — The weight of an eight-wheel freight car with load is 100,000 
pounds. What should be the diameter of the steel axles for safety against 
shearing? 

Solution. — Using equation (236A) : 

F 

as = — (236A) 

A 

Making proper substitutions, we have 

100,000/8 

12,000 = (237A) 

itd2/4 

Solving, we obtain d = I'MBl 

238. Shearing Stress 4n Plane Perpendicular to Force. — Careful 
observation of the deformations produced by shearing forces, show 
that there is a shearing stress developed in planes perpendicular to 
the action line of the shearing force. 

Let it be required to find and compare the unit shearing stresses 
in the vertical and horizontal planes, due to a vertical shearing 
force, as F in Fig. 238A. Let ABCDEFGH be an elementary cube 
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in the interior of the rivet subjected to shear. The faces ABFE 
and CDHG are parallel to the applied shearing force. 
dt = AB, the depth of the cube. 
dh — AE, the breadth of the cube. 
dl = AC, the length of the cube. 
dFi, = elementary shearing force applied on face CDHG. 
d/Si, = elementary shearing stress developed in face ABFE. 
Since the stress developed must equal the force causing it, we 
have 

dF„ = dSv, the two forces forming a couple. (2;i8A) 

The effort of the force dF,, is to move the face on which it acts, 
in the direction of the force, and to increase the angles of the ele- 
mentary cube at B and C, and decrease the angles at A and D. 
This would cause the planes AEGC and BDHF to slide on the cor- 
responding faces of the cubes above and below. A.s the cube 
does not so slide, it mu.st be held by some force. Since the vertical 
forces on the elementary cube form a couple {e(ination 2.‘J8A), 
the horizontal forces must also form an ecjual and opposite couple. 
Equating the two, we have 



dF,(n • (lS„df 

(238H) 

Remembering that (equation 231 A) 



F 

s, — or F ■ : .I, A 

A 

(231 A) 

We have. 

(IF, ,s,, area CDHG .s-,, dh dt 

(2:J8(') 

And, 

dB„ .s,, area BDHF s„, dl dh 

(2381)) 

Sub.stituting in equation 2.3811 we have. 



s„,. dh dt dl s,i, dt dt dh 

{238K) 

Hence 

s,v •■■■ S,h 

(23BF) 


That is, the unit shearing stresses on the rvrficat and horizontal 
faces of the elementary cube are egi/al. 


TORSION. 

239. Torsional Moment. — If a force, F (Pig.239A), is applletl to a 
shaft, so that its action line lies in a plane perpendicular to the axis 
of the shaft but does not intersect this axis, it wilt produce torsional 
stress in the shaft unless the shaft can rotate freely upon its axis. 
The moment produced by this force is called the torsional moment 
(Mtr), and equals the intensity of the force times its lever arm to 
the axis. 
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240. The toi'sional moment is transmitted from one section to 
another, until it reaches the fixed end. Assuming the shaft to be 
cut in half and taking the outer half, as a free body, it •will be 
necessary to replace the stress at the inner half by an equal and 
opposite force, otherwise the outer half would rotate. If one tor- 
sional force is applied at one point of the half cut off, and an- 
other at another point of it, then at the section cut the force 
to establish equilibrium must be equal and opposite to the resultant 
of the other two. If the section is cut between the two forces, only 
the outer force need be considered. 

Hence, the torsional moment at any cross-section of a shaft is 
equal to the algebraic sum of the torsional moments acting on one 
side of the section. 

241. Torsional Stress. — Careful observations of experiments 
with torsional forces lead to the following hypotheses : 

а. Each section between the outer section and the fixed section, is 

rotated about the axis of the shaft. 

б. The amount of rotation of any section will vary with the force 

applied and with the distance of this section from the fixed 
section. 

<r. The amount of rotation of any point in a section varies with its 
distance from the axis of the shaft. 

242. As shown in Fig. 239A, the rotation is gradually decreased 
from the outer end where it is a maximum to the fixed section where 
it i.s zero; that is, the intermediate sections transmit and adjust 
the force and rotation from the outer section to the equal stress 
and zero rotation at the fixed section. The fiber ef becomes a 
helix; in the outer section, there is an angle through which the 
fiber is rotated, fof, called the angle of torsion ; and the arc ff' is 
called the arc of torsion. 

243. Let it be required to find the unit torsional stress at a dis- 
tance r from the axis. 
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From hypothesis 241c, based on experiment, the amount of this 
distortion is proportional to the distance from the center. From 
this, since within the elastic limit the stress developed is porportion- 
al to the distortion, we know that the stresit in anu fiber will vary di- 
rectly with its distance from the axis of rotation. 

Now, since (s<r) i = unit torsional stress in a fiber at unit distance 
from the axis, 

then, (s^r), r — unit torsional stress in a fiber at a distance r 
from the axis. 

Assuming dy dz ' elementary area of cross-section, 

then, {str) , r dy dz - ■ total torsional stress in an elemen- 

tary area at distance r from the 
axis. 

(sir) , r- dy dz ■ ' torsional moment of an elementary 
area at distance r from the axis. 
(stf) 1 f f r- dy dz ■■■■ torsional moment of all the stresses 
about the axis. 

Since the torsional moment of the stresses equals the torsional 
moment of the force, we have 

/ r-^dydz : M,r (243A) 

The expression J J r- dy dz is given in Mechanics as the moment 
of inertia of a plane area about an axis through its center and 
normal to its plane, and is called the polar moment of inertia {/p). 

Substituting, we have (a«r)i /p “ Mtr (243B) 

Hence (2430 

Ip 

Multiplying both members by r, we have 

MtrT 

(2431)) 

Ip 

That is, the unit torsional stress at a distance r from the. axis is 
eguaZ to the product of the torsional moment by the distance r, 
divided by the polar moment of inertia of the cross-section. 

244. Since the stress cannot be uniformly distributed over the 
area of cross-section, there can be no unit area over which the 
stress is uniform, as is the case in tension, compression, and shear- 
ing. The unit stress at a distance r from the axis is, therefore, the 
stress on a hypothetical unit area, each element of which is sub- 
jected to the same stress as the elementary area dy dz which is at 
a distance r from the axis. 
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Applying this to the surface fiber, where the stress (str) is great- 
est, we have, assuming r as the distance to the surface fiber, 

(str) 1 r = stress at surface fiber = Str 
Substituting in equation 243D, we have 

MtrT 

Str = (244A) 

h 

That is, the unit torsional stress in the surface fiber is equal to the 
product of the torsional moment by the distance from the axis to 
the surface fiber, divided by the polar moment of inertia of the 
cross-section. 

245. Limit of Torsional Elasticity. — If the force, F, in Fig. 239A 
is gradually increased, it will eventually reach a value which will 
produce a permanent set in the surface fiber. This limiting value 
is the limit of elasticity in torsion or the limit of torsional elasticity 
of the matei’ial. 

The limit of torsional elasticity of a material is the greatest unit 
torsional stress -which can be developed in the surface fiber of a 
shaft of the material -without producing a permanent set. 

246. Modulus of Torsional Elasticity. — ^From paragraph 122, we 
have a definition of the modulus of elasticity and the equation 

F 

_ _'A (122A) 

L 

Applying this to torsion, we find that F/A is not applicable to 
torsion, because the force cannot be applied to a unit area. How- 
ever, the .stre.ss on the surface fiber (Sfr) is the determining factor 
and this is substituted for F/A. Thus, we have 


or 


Sir 


Etr 


Sjr 

I 

L 

I 



C246A) 

(246B) 


in which I ~ distortion of surface fiber = ff' in Fig. 239A, 
L = length of every fiber = ef in Fig. 289A. 
Sir — unit torsional stress in the surface fiber. 
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Hence, the modulus of torsional elasticity of any niaforial is the 
quantity obtained by dividing the uyiit torsional stress on the sur- 
face fiber of a shaft, by the unit distortion of that fiber, within the 
limit of elasticity. 

247. Ultimate Strength in Torsion. — If the force be increased 
until the surface fiber of the shaft ruptures, the corresponding 
value of stress in the surface fiber will be the ultimate strength in 
torsion of the material of the shaft. The ultimate strength in 
torsion is the unit stress on the e..x'treme fiber of a shaft of the 
material, at the instant of rupture. 

248. Allowable Unit Torsional Stress. — The allowable unit tor- 
sional stress is the greatest unit toi’sional stress to which it i.s safe 
to subject the material. This stress is reached first in the surface 
fiber; and it is not safe to increase this stress even though the 
stresses on the inner fibers have not reached the limit of safety. It 
is evident that the material will be unsafe if any of its fibers are 
stressed beyond safety. 

249. The approximate values of the constants of torsion for ord- 
inary building materials are given in the following table : 


Wrought 


Constants 

Wood 

Cast Iron 

Iron 

Ktool 

Modulus of elasticity. 


a,0()0.()0() 

lO.OOtl.flOO 

I2,00<t.000 

Ultimate strength in torsion . . 

I»50() 

2r>.o()o 

60,000 

00,000 

Allowable unit stress 

m 

4,000 

9.000 

lO.OtKI 


Application. 

250, The problem of (lesigning a piece to resist tonsional stre.'^M is 
usually that of determining the diameter of a shaft to resi-nt a given 
torsional moment. 

We use equation 244A with safe unit stress in torsion, aiul with 
r equal to the maximum distance to the surface fiber. 


Thus 



(250A) 


261. Problem. — The screw of a screw Jack is of steel and has a diameter of 
2"; it is operated by the direct application of a bar. If a man can gradually 
apply a force of 200 pounds at the end of the bar, how long may the bar bo 

«!•* 

made and the screw still be safe against failure by torsion. . 


2 
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Solution. — Using the equation' (260A) : 

Mtrr 

atr = (250A) 

Ip 

Making proper substitutions, we have 

300 X I X 1 

10,000 = - 

JtX (1)^ 


Solving, we obtain 


2 

I — 62.36" 


252. Power Transmitted by Shafts. — In Fig. 252A, let E be the 
pulley run by a belt to the engine, and let M be the pulley from 
which a belt leads to the machines. It is assumed that neither belt 
slips. 



Fig. SSB A 



Let the uniform pull on belt E in pounds be represented by F, and 
the radius of the wheel in inches by r„. At each revolution of the 
wheel the path of the force F is 2jcr'„ and the work performed by 
the force F Is 23tr„F. If the shaft makes iV revolutions in one minute, 
the work per minute is ZntvFN. This is reduced to horsepower by 
dividing by 33,000x12, a horse-power being 33,000 foot-pounds per 
minute. 

Hence 2MrJ'N 

Horse-power (252A) 

33,000 X 12 

To determine the size of a shaft to transmit a certain horse-power, 
we must have this equation in terms of stress in surface fiber of the 
shaft. We know that Fr„ — Mtr, and from equation 244A, Mtr~ 
fftAp 

, where r is the distance from the center to the surface fiber 

r 

(radius of the shaft). 
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I rip 

Hence, Fr,„ Mu 


Substituting, we obtain ' 

Horse-powei’ = 


r 


2j{N Str Ip 
33,000 X 12 x r 


From mechanics, we know that I,,, for a circle = Imn 
Substituting, we obtain 


(252B) 


Si,.7rV*N 9.87s trr'N StrT^N 

Horse-power approximatt'Iy. (252(1) 

396,000 396,000 40,000 

253* Problem. — Calculate the borae-power that a round, wroup^ht iron shaft 
8" in diameter and makin#^ 150 R. P. M. will transmit with a fac*lt>r <»f safety 
of 6. 

Solution. — Using equation 252C: 

Sff, r^N 

n, p. -2 

40,000 

nff, 50,000 

Substituting, and romombering that -r: — r, - - , wf» have 

6 0 


50,000 X 4 X4 X 4 :< 150 

H.P. - 2,000 

G X 40,000 


BENDING OR FLEXURE. 

264, Bending Moment, — If a force, F (Fig. 254A) , ih applied to 
the end of a beam fixed at the other end, and its action line is per- 
pendicular to the axis of the beam, it will produce bending stress in 
the beam. The moment produced by this force at any section i,s 



F 
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called the bending moment or moment of flexure Mf, and equals 
the intensity of the force times the lever arm from the point of 
application to the section. 

(Note: — In paragraph 1106, it is stated that clockwise 
moments are considered positive ; counter-clockwise moments, nega- 
tive. Bending moments are hotoever considered “positive when 
they q^rodnce compression in the upper fibers of a beam and tension 
in the lower fibers. The two systems of notation will agree if the 
center of moments is to the right of the forces. Therefore, in 
calculations for bending moments, it is usually preferable to work 
from the left end of the beam, as by working from the left end 
of a beam it is possible to designate forces acting upward as 
positive and forces acting downward as negative, multiply them by 
their lever arms without regard to sign, and obtain the bending 
moment with its proper sign.) 

255. Let it be required to find the bending moment at any section 
of a beam, under the action of several forces. 

Taking the beam in Fig. 255A as in a state of rest when acted 
upon by the four bending forces, and taking c as the section at which 
the bending moment is desired, then we have for the total bending 
moment : 

Working from the left, F' x ae —F" Xbc— bending moment at 
section c. 



Working from the right, F" x ec -F'" xfc = bending moment 
at c. 

A.S! the two are the .same, we have 

Mt- F' X ac •- F" X 6c - F"' xec- F'" x fc (265A) 

That is, the. bending moment at any section of a beam is the alge- 
braic sum of the bending moments of all bending forces acting on 
either side of the section; or expressed in another way, it is the 
algebraic sum of the products of all forces on either side of the 
section, each with its proper sign, by their respective lever arms to 
the section. 
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256. Therefore, to determine the bending moment at any section 
of a beam, two steps are necessary : 

a. Find the intensities and action lines of all of the forces on 
one side (preferably left) of the section. To find these forces, 
employ the equations of equilibrium as may be necessary. 

5. Multiply each force (without changing sign if on the left) by 
its lever arm to the section, and add algebraically the bending 
moments so obtained. 

As stated above, it is usually simpler to use the forces on the left 
of the section, because the forces (with their proper signs) multi- 
plied by their lever arms gii'^e the bending moments with the proper 
signs. However, if it is easier to find the forces on the right of the 
section, it is not difficult to obtain the bending moment by paying 
proper attention to the signs. 

257. Problem. — A cantilever beam is loaded as shown in Fipr. 257A. Find 
bending moments at sections h, c, d. 

Solution. — From the principle in paragraph 255, wc havo 
At 6, Mf =-100 (8-5) =-300ft. lbs. (2r)7A) 

At c, Mf =-100 (12-5) -200 (12-10) =-1100 ft. lb.s. (257IJ) 

At d, Mf =-100(10-6)— 200(16-10)— 300(10-15)=— 2()0()ft.lbs. (2.57C> 



ng. ggr A 

258. Bending Stress (Stress of Flexure). — Careful observationH 
of experiments with bending forces acting perpendicular to the axis 
of a beam lead to the following hypotheses, with reference to the 
bending effect, only : 

а. That the fibers on the convex side of the beam are extended, 
and those on the opposite side are shortened. 

б. That there is a neutral surface between the compressed and 
extended fibers in which the fibers are neither compressed nor ex- 
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tended. The intersection of this neutral surface by the plane of 
cross-section is called the neutral axis of the section. 

e. That the cross-sections of the beam normal to the fibers before 
bending will remain normal to them after bending. 

d. That rupture will take place either by compression, or by 
tension, of the fibers on the surface of the piece when the stress 
is equal to the ultimate strength of compression or tension. 

From the above hypotheses, we deduce that : 

e. The strains of the fibers caused by the bending force are 
either compressive or tensile (from a) . 

f. The strains of the fibers are proportional to their distances 
from the neutral surface (from b and c). 

As shown in Fig. 254 A, the bending is gradually decreased from 
the outer end where it is a maximum to the fixed section where it 
is zero : that is, the intermediate sections, as in torsion, are moved 
by the applied force, but the distance through which they move 
varies from a maximum at the outer end to zero at the fixed end, 
and the internal couple which the material exerts to hold itself 
together varies from zero to a maximum. 

259. Let it be required to find the unit bending stress (stress of 
flexure) in the surface fiber of a section of a beam. 

In Fig. ^59A, take the portion of the beam to the left of the 
section cc as a “free body.” Then since it must be at rest, we must 
have the force, + F,,, to balance the given force, — Fv‘, and we must 
have the two horizontal forces, + Sh and — Sh, representing the de- 
veloped tensile and compressive stresses, to balance the couple 
formed by + F* and — F». 



The moments of these two couples are equal, and the moment due 
to the forces + F# and — F» equals the bending moment at the 
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section. Expressed in an eyiiation wo have, taking the center 
of moments at 0, 

Sh = SkD = -FJ = Mf (2r)9A) 

M A 

ShDis the expression for the moment of stress on the entire area 
of cross-section. But the greatest stress is at the surface fiber: 
therefore, the next step is to obtain an expression for tiie unit 
stress at the surface fiber. 

First, from 258/, the amount of distortion is proportional to tlie 
distance from the neutral surface. From this, since within the 
elastic limit the stress is proportional to the distortion, we know 
that the stress on any fiber will vary directly with its distance 
from the neutral surface. 

Let (Sf ) , = unit bending .stress in a fiber at unit dis- 

tance from the neutral surface. 

Then (Sf) ,y -.-unit bending stre.ss in a liber at distance 

y from the neutral surface. 

Assume dy dz “elementary area of cross-.section. 

Then (ftf) ,y dy dz ~ total bending .stress in an I'lemeiitary area 

at distance y from the neutral surface. 

(fff) iV- dy dz • bending moment of an (•lementary an*a at 
lUstance y from the neutral surface. 

' S .r d,z ■“'■bending moment of all thti stn;.s.ses with re- 
spect to the neutral axis, if integrated }»c- 
tween proper limits. 

Since the bending moment of the stresses equals the bending 
moment of the force, we have 

<■'*/). J' / U-dydz SV/ M, (fioOB) 

The expression J / y- dy dz t.s given in mechanics as t,h»i moment 
of inertia of a plane area about the axis in its own plane, corres- 
ponding to the neutral axis in this case. It is represented by /. 
Substituting, we have (s/)i / -•- itf, 

Hence (2Q0D) 

That is, the unit bsndinff stvcsfi ut a unit diMittiicc fTom tint w-utfol 
surface is equal to the bending moment at the section divided by 
the moment of inertia of the section. 

260. As in torsion, the stress cannot be uniformly diatributed 
over the area of the section and there can be no unit area over which 
Assume bybz - elementary area of cross-section. 
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the sti'ess is uniform, as in tension, compression, and shearing. 
The unit bending stress at a distance y from the neutral surface is, 
therefore, the stress on a hypothetical unit area, each element of 
which is subject to the same stress as the elementary area dydz 
which is at a distance y from the neutral surface. 

Applying this to the surface fiber, where the stress (s^) is 
greatest, we have, assuming y as the distance to the surface fiber, 

(•'> 7)1 y — stress at surface fiber = Sf 

Substituting in equation 259D, we have 

Mty Mf 

(.■?;), 2 /-.s 7 - (260A) 

I I 

y 

That is, the unit bending strens in the surface fiber of a beam, at any 
cross-section ‘is equal to the product of the bending moment at the 
section by the distance from the neutral surface to the surface fiber, 
divided by the ‘moment of inertia of the cross-section. 

The expression I y is called the section modulus. Therefore the 
principle expressed by equation 260A may be stated in another 
manner, thus: The unit bending stress in the surface fiber of a 
beam at any cross-section is equal to the bending moment at the 
section divided, by the section modulus of the section. 

261. The values of /, y, and I/y for ordinary forms of cross- 
section are tabulated in engineering manuals. Some of these are 
given in the following table : 

Section Modulus 


FonuH <*r <*r<>s,s-m‘cti<>n 

DimonKionH 

I 

y 

1 





V 


^ breadth b 


D 

hi)- 

RttctanKlw 



— 

1 depth D 

12 

2 

6 

Hqunrci with a vertical | 
diu| 2 ?onal ( 

, aide of square D 

12 

I)\/h 

*8.6* 

Triunprlcwitii horizontal 

I'baso b 

hD^ 

2d 


baao 

1. altitude Z> 


a 

~24" 




D 


Circle * 

diameter I> 

04 

*2 

10 + 


j axc‘s h and /) 

1 b " neutral axis 


r> 

hir 

Ellipm* 

04 * 

i 

10 + 
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262. Limit of Bending Elasticity. — If the force, F, Fig. 259A, 
is gradually increased, it will eventually reach a value which will 
produce a permanent set in the surface fiber of the cross-section 
considered. This limiting value of the stress in the outer fiber is 
the limit of elasticity of the matei'ial in bending or flexure. Actu- 
ally, it is a tensile or compressive stress and its limiting value is 
usually taken as that of the material in tension, under the as- 
sumption that the stress on the surface fiber could be measured over 
a unit area. 

The limit of bending elasticity of a material is the greatest unit 
bending stress which can be developed in the surface fiber of a 
beam of the material without producing a permanent set 

263. Modulus of Bending Elasticity. — From paragraph 122, we 
have a definition of the modulus of elasticity and the equation 


F 

„ A (122A) 

i 

L 

But the expression F/A is not applicable to flexure since the force 
cannot be applied to a unit area. However, the stress on the sur- 
face fiber (s^) is the determining factor and this is substituted for 
F/A. Thus we have 

(263 A) 
I 


or 


L 

I 

Jj 


(236B) 


Hence, the modulm of bending dastieiiy of any material is the 
quantity obtained by dividing the unit bending stress in the surface 
fiber of a beam, by the unit distortion of that fiber, within the limit 
of elasticity. 


264. Ultimate Strength in Bending or Flexure. — If the force be 
increased until the surface fiber of the beam ruptures at the cross- 
section considered, the corresponding value of the stress In the 
surface fiber will be the ultimate strength in bending of the material 
of the beam. The ultimate strength of bending or flexure of a vico- 
terial is the unit bending stress in the extreme fiber of a beam of 
the material at the instant of rupture by a bending force. 
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265. Alloyeable Unit Bending Stress. — ^The allowable unit bend- 
ing stress is the greatest unit bending stress to which it is safe to 
subject the material. This stress is reached first in the surface 
fiber ; and, as in torsion, it is not safe to increase the stress even 
though the inner fibers have not reached their safe bending stress. 
The surface fiber is the determining fiber, and when its unit fiber 
stress has reached the safe bending stress, the beam has reached 
the limit of its safety, 

266. The values of the constants of bending for ordinary build- 
ing materials are given approximately in the following tables : 


Constants Wood Cast Iron Wrought Iron Steel 

Modulus of bending 

elasticity 1,000,000 15,000,000 27,000,000 30,000,000 

Ultimate strength in 

bending 6,000 36,000 48,000 60,000 

Safe unit stress in 

bending 1,000 6,000 12,000 16,000 


Application. 

267. The problem of designing a piece to resist bending stress 
consists in detemining the dimensions of a piece which can safely 
resist a given bending force. 

We use equation 260A, with allowable unit bending stress, thus 


ar — 


M, 

T 


(267A) 


make the proper substitutions, and determine the dimensions. 


268. Problem. — A rectangular cantilever wooden beam, 6" wide, 8" deep, and 
6' long, JH to carry a weight of 1,000 pounds at its free end. What is its factor 
of safety? 


Solation.—- The msiximum bending moment is at the fixed end and = 1000 X 
6 X 12 rj 72,000 inch pounds. 

Using equation 260A : 


= 


T 


(268A) 


y 
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Making proper substitutions, we have 

72,000 

Sf ■ 1125 pounds (208B) 

6 X 8^ 

6 

6000 

Factor of safety = = = 5.^ (2680) 

1125 1125 

Vertical or Transverse Shear. 

269. Another effect of a bending force is to move tht! consecutive 
planes of cross-section along each other and thus cause shearing 
stress. The shearing stress at any cross-section is called the 
vertical or tra7isverse nhear, (S,). As beams are usually hori- 
zontal, the term vertical shear is generally used. 

270. If in Fig. 270A (same as Fig. 255A) we consider as a “free” 
body the portion of the beam to the left of the section c. then in 
order to maintain equilibrium of forces, not considering moments, 
there must be at c a force eiiual and opposite to the resultant of 
F' and F". As neither of these forces acts at c, it is evident that 
their intensities must be transmitted from section to section until 
their resultant reaches c. 


I A 


I 1 / 

A 


Fii. &70 A 


' Thus the force F', acting in the end section, will tend to shear off 
that section, but it will be opposed by the re.sistance to shearing of 
the fibers connecting it with the next section, and its effect will be 
transmitted from section to section, from a to c. In a similar 
manner the effect of F" will be transmitted from section to section, 
from 6 to c. The resultant shear, or force transmitted to c, will be 
their difference. 

If we take as a “free body” a portion of the lieam to the left of F", 
we need place at that section a force only equal and opposite to F'. 
If we worked from the right, the forces necessary to hold the right 
portions in equilibrium would be the same numerically but contrary 
in direction. 
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The ahearing at any section is therefore equal to the resultant 
of all the bending forces acting on either side of the section: or ex- 
pressed in another way, it is the algebraic sum of all the bending 
forces acting on either side of the section. 

271. Problem. — A cantilever beam is loaded as shown in Pig. 271A. Find 
shear at sections 6, c, d. 



Solution. — Working from the left, and obtaining the algebraic sum of the 
■forces to the left of each section, we have 

Ixrft end to F, S„ = 0 (271A) 

F to F', 100 (this includes the section at b) (271C) 

F' to F”, Sr = 300 { " “ “ “ “ c) (271C) 

F" to wall, Sr = (!00 " “ “ “ “ d) (271D) 

272. For every force that is acting on a beam, shear due to it is 

transmitted to the right and left from its point of application. If 
the force acts at the middle of a beam resting on two supports, half 
of it will be transmitted from the middle through section after 
section to each point of support. If as represented by Fig. 272A, 
the load is not in the middle, we have from the general equations of 
equilibrium 


w 



k Fii. S72 A R» 
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(1) R' + R'' = W 

(272A) 

And, taking moments around 0. 



(2) R"l^Wx 

(272B) 

Solving we obtain, 

Wx 

R" - 

1 

ji' {1- x) 

1 

R' : R" : : 1--X : .t 

(272C) 

Similai'ly, we obtain. 

(272D) 

Hence, 

(272E) 


Therefore, the weights transmitted to the supports hp shear from 
section to section are mvei'sdy proportional to the distances from 
the point of application to the support, 

273. Problem. — A beam 24' long, supported at both ends, has a load of 8 
pounds placed 10' from its loft support. How much of this load is transmitted 
to each support? 

Solution. — The load is transmitted to the supports in portions of 10/24x8, 
and 14/24x8. Of these, 10/24x8 (~ 3j\) pounds goes to the most distant 
support, that is, to the right. The remainder of the load, 4!f pounds, goes to 
the left support. 

274. Relation Between Shear and Bending Moment* — ^In Pig. 
270 A, we have for the bending moment of the section c at a tJiwtance 
z from the left end 


Mf ■■■• F'x - 

■F"(x 1) iF' F") x-{ F"l 

(274A) 

Since F' ■ ■ F" ■ . 

S',., wo have by substitution 



Mf :^S,-x + C 

(274B) 

Differentiating 

fl'V 

(2740 


Therefore, the vertical shear measures the rate of change of the 
bending moment along the axis of the beam: that is, lh<* ordinate 
of the shear curve gives the value of the tangent (slope) of the 
bending moment curve. 


PROBLEMS. 

P. 201, A steel bar of circular cross-section, 1" in diameter, supports a weight 
of 10,000 pounds in tension. What is the stress per square inch in the bar? 

P. 202. A circular wrought-iron rod, ll"" in diameter, breaks under a tim- 
sion of 07,500 pounds. Find the breaking stress per square inch. 

P. 203. Find the siaso of a round wrought-lron rod to safely carry a tensile 
stress of 100,000 pounds. 
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P. 204. Two strips of steel, whose rectangular cross-sections measure -jJ"' 
by 2", and by 8'% support a horizontal bar 9' long. At what point on the 
bar must a weight of 300 pounds be hung in order that the unit stress may be 
the same in the two hangers? What is the unit stress in the hangers? 

P. 205. A steel tie-rod 30' long and 4" square in cross-section is subjected 
to 40,000 pounds tension. Find the total elongation and the unit stress. 

P. 206. A rectangular timber tie is to bo 40' long. If one dimension of the 
cross-section is 12", find the other dimension so that the elongation under a 
pull of 270,000 pounds may not exceed 1.2". 

P, 207, How much will a 100' steel tape !/' wide and 1/50" thick stretch 
under a pull of 50 pounds? 

P. 208, If a bar 1" in diameter and 8' long elongates 0.06" under a stress of 
16,000 pounds, how much will a bar 1|" in diameter and 12' long, of the same 
material, elongate under a stress of 30,000 pounds? 

P. 200. If the ultimate strength of wrought-iron is 48,000 pounds per square 
inch, what tensile force will rupture a bar, of uniform cross-section, 6' long, 
which weighs 60 pounds ? Weight of wrought-iron is 480 pounds per cubic foot, 

P. 210. Plot the stress-strain diagram for the tests in P211, using scales 
as follows: 


StrovS.ses. 10,000 pounds to the inch. 

Strains 2,000 times real value. 

P. 211. Find the ultimate strength, the modulus of elasticity, and the elastic 
limit in the following tests; 

Diameter, ".505; sectional area, .20 square inch; gauged length, 3". 


Tout. in. 

Klnnfcatiim 
per inch. 

Sucewwivo 

<tlong«Ltioii 

pcrlnch. 

Applio 

.... 

Total. 

d loadK. 

Tor H(i. in. 

Klon$i:at.ion 
pwr inch. 

Succosflive 
elongation 
per inch. 

Poundf^. 

PoimdH, 

Inch. 

Pick. 

PounclH, 

Pounds. 

Inch. 

Inclm 

200 

1,000 

0. 

0. 

16,000 

76,000 

0.002767 

0.000167 

1,000 

6,000 

.000133 

.000133 

16,200 

76,000 

.008200 

.006433 

2,000 

10,000 

.000300 

,000167 

16,000 

80,000 

.0100 

.0018 

4;ooo 

20,000 

.000633 

.000333 

17,000 

86,000 

.0133 

.0033 

6,000 

30,000 

.001000 

.000367 

18,000 

90,000 

,0167 ! 

.0034 

8,000 

40,000 

.001333 

.000333 

19,000 

96,000 

.0233 1 

,0066 

10,000 

60.000 

.001700 

.000367 

20,000 

100,000 

.0267 

,0034 

12,000 

60,000 

.002067 

.000367 

21,000 

105,000 

.0333 

.0066 

14,000 

70,000 

.002433 

.000366 

22,000 

110,000 

.0400 

.0067 

14,200 

71,000 

.002600 

.000067 

23,000 

115,000 

.0467 

.0067 

14,400 

72,000 

.002633 1 

.000033 

24,000 

120,000 

.0633 

.0166 

14,600 

73,000 

.002667 1 

.000034 

26,000 

126,000 



14,800 

74,000 

.002600 ! 

.000033 






P, 212. What is the least compressive force that will crush a stone cube which 
measures 4" on an edge? 


P. 213. What is the greatest compressive force which may bo safely carried 
by a stone cube which measures 10" on an edge? 

P, 214. A short cylinder of cast-iron, 3" in diameter, is subjected to a com- 
pressive force of 60,000 pounds, applied parallel to the axis of the cylinder. 
What is the stress per square inch? Is this force sufficient to crush the 
cylinder? 
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P. 215. The crushing strength of brick being 2,500 pounds per scjuare inch, 
find the height of a brick tower of uniform cross-section that will crush under 
its own weight. Brick weighs 120 pounds per cubic foot. 

P. 216. A wooden post, 3' long, with rectangular cross-section 4" by is 
subjected to a load of 12,000 pounds. Find the distance between two scratches 
which were 2' apart before the load was applied. 

P. 217. A rod 7 square inches in cross-section is to be subjected to a tensile 
force of 90 tons. What materials may be used if the elongation is not to <‘xci‘ed 
1/10 of one per cent? 

P. 218. A wooden post of 8 square inches cross-section and 12' in hmgth is 
firmly fastened vertically at both ends. A weight of 1,000 pounds is securtui 
to the post at a height of 9' from the lower end. How much lower, aftiT the 
weight is applied, will be the point \vhich, before the weight was applit‘d, was 
at the height of 4' from the lower end? Neglect wedght of po.st. 

P. 219. A wrought-iron rod, 984' long, alternately exerts a thrust and pull 
of 62,910 pounds; its cross-section is 9.3 square incht‘S. Find the loss of stroke*. 

P. 220. A wrought-iron column, 1' long, i.s to sustain saftdy a load of 6.000 
pounds. The dimensions of its section (rectangular) are to be in the of 
one to four. Find these dimensions, a.ssuming that the safe stress pitr stiuare 
inch is 10,000 pounds. 

P. 221. A square steel bar, 10' long, has one md fixed; n sudden pull F is 
exerted at the other end. Find the sectional area of the bar in order that the 
maximum elongation is not to exceed 1/750 of the length of bar. Neglect 
weight of bar. 

P. 222. A steel bar, 10' long and of rectangular cr(*ss-section, I" by .J", is 
suspended by its upper end and a weight of 500 pounds is .suddenly applied at 
its lower end. Find the extreme elongation, the stress per square inch cleveioptM 
at this position, the final elongation, and the final stress. Neglect weight of bar, 

P. 22ib How much will a «ti*el rod, 2 milcfs long, <4ongate under the action 
of its own weight, if suspended from its upper end? Steel weighs 500 poumlf^ 
per cubic foot, 

P. 224. A wrought-iron bar is 10' long, and of a sciunre inch in cross- 
section; find tho weight which, suspended from the lower end of the bar, will, 
together with tho weight of the bar, pro<!«ce an elongation Weight 

per cubic foot of iron, 480 pounds. 

P. 225. If a wrought-iron rail, 30' long, is provenWcl from expanding, what 
will be tho stress p(*r square inch from an increase of ti^mperaturi; of 80"* F., 
tho coefficient of expansion of wrought-iron b<dng taken ni .0000007? 

P. 226. A wrought-iron bar 2 square! inches in crosrf-«<%»ti<m haw its ends 
immovably fixed betwcum two blocks when the u*mp<*raturi* is Ot)'" P. Taking 
the coefficient of expansion at *0000067 per unit of length for 1**, what pressure 
will be exerted on the blocks when the temperature is tOO** F? 

P. 227. What shearing force will a b<mm of wood 8" by 12" in rectangular 
cros»-»cction safely withstand? 
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P. 228. Two steel plates are to be held together by a steel bolt; the force 
tending to slide the plates over each other is 75,000 pounds. What must be 
the diameter of the bolt for safety against shearing? 

P. 229. What force is required to punch a hole 1'' in diameter in a -J" steel 
plate ? 

P. 230. A beam is loaded uniformly with a weight of 200,000 pounds and 
each end rests on a cast-iron bracket 1'' wide. What should be the depth of 
the bracket for safety against shearing? 

P. 231. The weight of an eight-wheel freight car with load is 100,000 pounds. 
What should be the diameter of the steel axles for safety against shearing? 

P. 232. A wooden capstan shaft has a circular cross-section 12" in diameter- 
Pour handspikes, 6' long, measured from the center of the shaft, are used to 
operate the capstan. What force, gradually applied, can be safely used at the 
end of each handspike? 

P. 233. The screw of a screw-jack is of steel and has a diameter of 2"; it 
is operated by the direct application of a bar. If a man can gradually apply a 
force of 300 pounds at the end of the bar, how long may the bar be made 
and the screw still be safe against failure by torsion ? 

P. 234. A winding-drum, 20' in diameter, is used to raise a load of 5 tons. 
If the driving-shaft is in pure torsion, fmd the least diameter for a stress not 
exceeding 3 tons per square inch, 

P. 235. What couple applied at the rim of a brake-wheel, 8' in diameter, will 
be necessary to cause it to rotate 2 degrees, if it is rigidly attached to a steel 
shaft 3/2" in diameter and 5' long? 

P. 230, (Fig. P. 236.) Considering torsion alone, determine: 

(a) The force to be applied to the pulley C, in order to produce equilibrium. 

(b) The safe diameters of the steel shaft, in order that it may be a shaft 

of uniform ^strength. 



P. 237. Calculate the horse-power that a round wrought-iron shaft 8^' in 
diameter, and making 150 revolutions per minute, will transmit with a factor 
of safety of 6. 

P. 238. A solid steel shaft of circular cross-section is to safely transmit 500 
horse-power with 200 revolutions per minute. What must be its diameter? 
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r. 230. (Fift*. P. 239.) With the shaft niakini? 200 revolutions per minute, 
what horse-power can be safely taken off by each machine? 



P. 240. (Fift*. P. 240.) A solid steel shaft 6" in diameter is coupled by bolts 
1" in diameter on a flanp:(' couplinpr. The centers of the bolts are 5" frtmi the 
axis. Find the number of bolts in order that their safe strenprth shall <‘qual 
that of the shaft. 



P. 241. A cantilever beam 20' Icm^r Has concentrated loads of 100, 200 an«l 
800 pounds at points 5% 10' and 15% respectively^ from the fre^e end. Find Wth 
the bending moment and the vortical shear at points B% 12' and 16' from the 
free end. 

P. 242. A beam 30' long, supported at th(s ends, has concentrated loads of 
500 pounds, 400 pounds, 300 pounds, 200 pounds and 100 pounds, at distimees 
from loft support of 6', 10', 12', 18' and 20', respcjctively. Find the bending 
moment (in foot-pounds) at points B', 15' and 25' from the left support. 

F, 243. (Pig. P.248). Find shear and bending moment at sections 5' and 10* 
from left end of beam. 
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Fig. P. 243. 
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P. 244. A beam of rectangular cross-section, 8" wide by 12" deep, has at its 
middle point a bending moment of 150,000 foot-pounds. What is the greatest 
unit fiber stress in the cro.s.s-section? 

P. 245. A rectangular wooden beam 8" wide, 14" deep and 16" long, rests 
upon end supports. What concentrated load at the middle point will break the 
beam? 

P, 246. A beam of square cross-section resting on end supports, with a side 
vertical, is subjected to a certain bending load. The beam is then placed with 
a diagonal vertical and subjected to the same bending load. Compare the 
maximum fiber stresses in the two cases. 

P. 247. A hollow, circular, cast-iron beam, inside diameter 5", outside diam- 
eter 6", rests upon end supports 8' apart. What is the maximum safe load 
that may be concentrated at its center? Neglect weight of beam. 

P. 248. A wooden beam resting on end supports 10' apart has a cross-section 
which is an isosceles triangle with a 6" horizontal base. It carries a uniform 
load of 120 pounds per linear foot including its own weight. What must be 
the altitude of its cross-section for a factor of safety of 8 ? 

P. 249. A rectangular cantilever beam of wood, 4" wide by 8" deep by 6' 
long, is to carry a weight of 1 ,000 pounds at its free end. What is the factor 
of safety? 

P. 260. A wooden beam of rectangular cross-section has a breadth of 7". 
What must be its depth if the greatest bending moment is 75,000 foot-pounds, 
with a factor of safety of 8 ? 



CHAPTER III. 

BEAMS. 

301. The term beam is generally used to designate a structural 
piece whose principal function is to sustain a bending stress. The 
cross-section is usually of considerable size, consisting of several 
square inches. In this text, beams ai’e taken as of uniform cross- 
section throughout, unless otherwise stated. 

302. Classes of Beams. — A beam resting on three or more 
supports is called a continuaitu beam. If it rests on two points of 
support only, and the ends are free to move, it i.s a simple, beam. 
If so placed that it has one end fixed and the other free, it is a 
cantilever. Loads are concentrated or uniformily distributed. 

According to the method of loading and supporting we have 
(Fig. 302A) the following cla.sses of beams: cantilevers, A and B; 
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■beams resting on two end supports, C and D ; beams fixed at one 
end and supported at the other end, E and F ; beams fixed at both 
ends, G and H. 

To prevent confusion, in deducing equation of bending moments, 
only the axis of the beam will be represented in figures used in the 
deductions. 

303. To find the stresses of bending and shear in a beam, it is 
necessary to know the forces acting on the beam and the con- 
sequent reactions at the points of support. In classes A, B, C, D, 
above, it is possible to calculate the reactions by the equations of 
equilibrium. In the remaining classes, it is not possible to deter- 
mine easily the reactions and thereby to determine the bending 
moments : it is necessary to determine the equation of the curve of 
the axis of the beam, called the curve of mean fiber, and by use of it 
to determine the reactions and equations of bending and shear. 

CURVE OF MEAN FIBER. 

304. To deduce the equation of the curve of mean fiber, it is 
simpler to deduce it for a cantilever beam and obtain an expression 
which can be applied to other beams. The expression as obtained 
will apply to other beams if, in deducing it for a cantilever, no 
assumptions are made which will not apply equally to other beams. 

Let it be required, therefore, to deduce an expression for the 
curve of mean fiber of a cantilever beam without weight, support^ 
ing a load at its extremity. 



Taking the cantilever in Fig. 304A, 

Let CD = section adjacent to fixed section, AB 

C'D* = section CD after action of force F 
L = length of fiber ab before deflection. 

1 = bc= elongation of fiber ab 

p a radius of curvature of mean fiber after de- 
flection = HE 
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Using equation 122A 


F 



L 


(122A) 


Substituting for F/A its value in terms of the unit bending stress 
at a distance y from the axis, we have from pjiragraph 260, 

y 

Ef-- (304 A) 

t 

L 

K I 

or {304B) 

L 

From similar triangles, we have 


or 

he : hH : : Oil : OE : 

1 :y : :L : i>; 


Hence 

yh 1 y 

1 j or 

(304C) 

p A p 

Substituting this value of 1. L in wjuation 304B, we ha\’c 



EtV Ef 

(8f),y -- , or (»/),--• 

{304D) 

P P 

■ From equation 2591), in the theory of flexure or bending, we have 


Mf 

(259D) 

hence 

Mf Ef 

(304E) 

or 

I P 

Efl 

Mf'^ 

(304P) 


P 

Prom calculus we have 




p 


(304G) 
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in which 

dx — the projection of elementary part of any curve on 
the axis of X; 

dif = its projection on the axis of Y. 

Since the deflection of the beam is very small, as it must be 
loithin the limits of elasticity, dy is so small as compared with dx 
that (dy/dx) - is so very small that it may be taken as zero. Then 
equation 304G becomes 

_ J_ 

^ 'd^y (304H) 

dx^ 

Substituting this value of p in equation 304F, we have 

Efid-y 

Mf = (3041) 

dx- 

in which y and x are coordinates of points of the curve. 

If, in this expression, the value of Mf can be expressed in terms of 
X, we can determine, by double integration and proper substitutions 
for constants, an expression for y in terms of x, which will be the 
equation of the mean fiber. The expression is general : that is, it 
applies to curves of mean fiber of beams other than cantilevers. 

Application. 

305. The curve of mean fiber is of use not only in determining the 
bending moments and hence the safety of a beam, but also in determin- 
ing the maximum deflection of a beam which may be safe but may deflect 
so much that it will be unsuitable, as for example in the ceilings of rooms, 
whore too great deflection will cause the plastering to crack. The curve 
of mean fiber is also called the deflection curve. 

EQUATIONS OF BEAMS. 

306. From paragraphs 274 and 304, it is noticed that certain 
relations exist between the curves of shear, bending moment, and 
mean fiber. A clear idea of this relation assists materially in 
determining these curves. 

Fig. 306A shows the curves,* drawn in their proper relation to 
each other, for a beam resting on two supports and supporting a 
concentrated load at its middle point. Inspection of this figure 
brings out the following points : 

*With colored chalk, shear is shown in red, bending moments in blue, forces 
in yellow. 
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a. The shear curve, being the first differential of the bending moment 
curve, shows at all points the slope of the bending moment curve. In 
this case, the shear is constant; therefore, the bending moment 
curve is a straight line with a constant slope. 



b. The bending moment curve, being the finst differential of the 
inclination curve, shows at all points the slope of the inclination 
curve. In thi.s ca.se, the .slope i.s greatest at the center a.s shown by 
the bending moment. 

c. The inclination curve, being the first differential of the mean 
fiber curve, show.s at all points the slope of the mean fiber curve. 
In this case, it is evident that the inclination curve has its greatest 
ordinate at the cnd,s and is zero at the center. 

In some ea.ses, a reversal of the above order of study is nece.s.sHry, 
The value of the bending moment and its equivalent, the secojifl 
differential of the mean fiber curve, may be all that can be de’ 
termined. .Then, it is nece.saary to integrate twice, obtaining 
one of the curves each time. The only dilficulty in thus integrating 
lies in the elimination of the constants of integration. This is don<» 
by sub.stituting known value.s of the curve of integration, and thua 
obtaining the con.stant: for example, in the first integration for 
the curves in B’ig. 306A it is known that the slope of the mean 
fiber curve (and the ordinate of the inclination tmrve) is zero at 
the middle point; by thi.s substitution in the etjuation, the constant 
of integration for the inclination curve can be obtained. 


Cantilever Without Weight, Supporting a Is>ad at Ua Extremity. 

307. I.iet it he required to find the equations of shear, bending 
moment, and curve of mean fiber of a cantilever without weight, 
supporting a load at its extremity. 
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Represent by Pig. 307A the cantilever, in which e is any section 
at a distance x from the origin of co-ordinates at the left end. 


t 

w 


I 


Fig. 307 J 


I 


Shear. — By definition, paragraph 270, the vertical shear at any 
section of the beam, as at c, is equal to W. It is negative because 
■ the force is to the left of the section and acts downward. Hence 

Shear at any section, = — IP (307A) 

The above equation is true at all sections. Therefore the equation 
(307A) is the equation of shear for the cantilever. 

In plotting the curve of shear, we know that it is a straight line, 
that it is the same at all points and equal to -TP. Therefore (Pig. 
307B) , if we lay off XB = — TP, the line will be the line whose 
equation is S,. = — TP. This line is called the curve of shear. 

Bending Moment. — ^Working from the left of the beam, we have 
from the definition of the bending moment, paragraph 255, 

M, at c = -Wx (307B) 



This equation shows the variation of the value of the bending 
moment from section to section. Since is a numerically in- 
creasing function of x, it is greatest numerically at X, where x is 
greatest and equal to I ; it is least numerically at 0, where x = 0. 
The maximum bending moment is therefore at X, and 

Mf„ = -Wl 


(307C) 
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In plotting the curve of bending moments, we know that it is a 
straight line, that at point 0 it is zero, that at point Z it is — Wl.. 
Therefore (Fig. 307B) , if we lay off XA = —Wl, the line Mf will be 
the line whose equation is M;= — Wx. This line is called the curve 
of bending moments. From it by inspection we may determine the 
position of the dangerous section (where the bending moment is a 
maximum) . 

Curve of Mean Fiber. — The equation of second differential of 
any cui-ve of mean fiber is, from pai-agraph 304, 


E, 1(1-11 

Mf- (3041) 

<lx- 

The equation of Mf for this cantilever is 

Mf = - (:507I>) 

Equating the two, we have 

EfhP}, 

• - • 1F.C (.307K) 

Integrating with respect to x, we have 
EfI dll Wx- 

■ 4 (307F) 

(l.v 2 


In which dn/dx is the tangent of the angle made by the mean filaq* 
with the axis of X, and C is the constant of integration. 

As beam is fixed at X, we know that, at A', d// dx 0, an<l x 
1. HcmceC ~-WP/2. 

Substituting this value in 307F and integrating, we have 


Wx» Wl-x 

Efly i 1 - (V 

6 2 

Knowing that at A', y ■■■ 0 and a; I, we have 

Wl" Wl" Wl' 

6 2 » 

Substituting in 307(}, wo olitain 


W 

y <a!» .. {UU i 21') 

6E,I 

which is the equation of the curve of mean fiber, 
a maximum numerically where x 0, hence 

Wl" 


Vm “* 


2EtI 


(.'m7{;> 


(;j07n) 


(3071) 
The ilefiection ia 

(307J) 
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308. Problem. A cantilever projecting to the left, 24' long, has a load of 
220 pounds at its left extremity and 150 pounds 10' from its left extremity. 
Write the equations of shear and bending moment and show them graphically, 
origin at left. 



Solution. — Shear: The curves are shown in Fig. 308A. Their equations are 
From 0 to A j 5u = — 220 pounds (308A) 

From A to X, Sp = — 370 pounds (308B) 

Bmdht(/ Moment , — The curves are shown in Fig. 308A. Their equations are 
From 0 to A, = - 220a; (308C) 

From A to X, = - 220a: - 150 {x - 10) (308D) 


It i« to bo notc<l in the curve of bending moment, even without actual plotting 
of the curve, that 

o. The slopes from 0 to A and from AtoX are constant, this being neces- 
sary because those shears are constant. 

5. The slope from 0 to A is less than the slope from A to X^ this being 
necessary because the first shear is less than the second, 

A Cantilever Without Weight Uniformly Loaded. 

309. By deduction similar to the preceding, we find (Pigs. 309A 
and 309B) : 



Fit. 309 A 
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Sv= —WX 


(.‘i09A) 

Svm = ~Wl 


(;109B) 

M, - «'T (1) ^ 

tfiZ* 

2 

(;i09C) 

Mfm is at X and = 

_ wl^ 

2 

(;}09D) 

w 

y (a:* - 

24E,I 

4l^x + 

(309E) 

wl* 

iij/ 


(309P) 


310. Problem. — cantilever projecting: to the loft, 14' long:, onrrlos n uni- 
formly distributed load of 10 pounds per linear foot. Write the o({uation.H of 
shear, bonding moment, and mean fiber, and show them graphically, origin at 
the left. 
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Solution. — The equations of shear and bending moment can be written with- 
out reference to the formulas. The equation of the curve of mean fiber can be 
deduced, or can be obtained by .substitution in equation 309E. The curves are 
shown in Pig. 310A. Their equations are 

Shear, S^= — lOas 

10«2 

Bending moment, M/ = = — 5*® 

2 

10 

Mean Fiber, y= [(«^- (4)(14)»a:+ (3)(14)«] (310C) 

24EfI 

A Beam Without Weight, Resting on End Supports and Supporting 
a Load at its Middle Point. 

311. Let it be required to find the equations of bending moment, 
shear, and curve of mean fiber of the beam stated above. 

Represent by Fig. 311A the beam, in which c and d are sec- 
tions on the left and right of the weight, W, at the middle point. 

Reactions. — On starting to work from the left, it is at once apparent 
that there is an unknown force at the left support. In the general 
case, this reaction is determined by calculations with use of the 


(310A) 

(310B) 



JT 

Fig. Sll A 

equations of equilibrium ; in this case, since the load, W, is at the 
middle of the beam, we know at once that half of the load is trans- 
mitted to each support. 

W 

Therefore, R' = 22" = -- (311A) 

2 

Shear. — ^Working from the left support, we have 

W 

&=+ — 


From 0 to A, 


2 


(311B) 
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From A to X, 


W 

S,^+ W 


W 

T 


(3110) 


These are plotted in Fig. 311B. 


&t, 


I 






:A 



^ ^ ^ea,n 

^ 


y 

zr sv 4 

R 

f 


pr 

Fisf. 311 B 

Bending Moment. — Woi'king from the left suppori, we have 
Wx 
~2 

Wx I W> 


From 0 to .<4, Mf = 
From A to A', Mf - 


(31 ID) 


D7 


W (.r 


) 


(311 K) 


2 


In plotting these two curves of l>ending moments, from the cciua- 
tions and also from the shear curve, we know that each is a straight 
line; that at O, where a - 0, Mf — 0, from eiiuation 3111); that at 
X, where x = l,Mf — 0, from equation 3nE. The curves as plotted 
are shown in Fig. 311B. The maximum bending moment is at the 
middle point and is given by the equation 


M/„ = 


Wl 


(.311 F) 


Curve of Mean Fiber. — The curve of mean fiber is symmetrical 
to right and left of the middle point, since the beam is symmet- 
rically loaded. We shall consider only the left half. 

From paragraph 304, we have 

Etia^y 

Mf = 

Substituting in equation 311D, we have 


(3041) 
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E,M-y Wx 

dx- 2 


(311G) 


Efidy Wx- 

Integrating, h C (311H) 

dx 4 

1 dy 

Because of symmetrical loading, where x = — , =0; hence 

2 dx 
Wl- 

C = 

16 

Efidy Wx^ Wl^ 

Substituting, (3111) 

dx 4 16 


Wx^ WPx 

Integrating again, Efiy 1- C' (311J) 

12 16 


Where x = 0, y = 0, hence C" = 0, and 

W '' 

y = (4a!» -- U-x) (311K) 

AZEfI 

When plotted, the curve is concave upwards and is of the form 
shown in Fig. 311B. The maximum value of y is where x = 1/2. 

WP 

Hence, (311L) 

A2EfI 

.‘?12. Problem. — Write equations of shear and bending moment of beam 
loaded and supported as shown in Fig. 312A. 


MO lbs 



Fig. SIS d 

Solution. — Taking the center of moments at the left support, we have 


+ J?' X 0 - 400 X 8 + B" X 16 - 200 X 24 = 0 (312A) 

16B" = 3200 + 4800 = 8000 (312B) 

It" = 600 (312C) 

Thence, E' = 400 + 200 - 600 = 100 (312D) 
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With these reactions, the equations are 

Shear, O to A, S„ = 100 (312E) 

A to B, - 100 - 400 = - 300 (:U2P) 

B to X', S„ = 100 — 400 + 500 = 200 (312G) 

Bending Moment, O to A, Mf = lOOj: (312H) 

A to- B, Mr - lOOx - 400 (x - 8) (3121) 

B to X, Mr - lOOx - 400 (x - 8) + 500 (x - 10) (312.T) 


Beam Resting on End Supports and Uniformly Loaded. 

313. By deduction similar to the preceding, we find (Fig-s. 313A 
and 313B) : 



wl 


Sv~ wx 


(313A) 

2 



wl 

wl 


Svm i.s at the supports and -- — 

2 

and 

2 

(3 LIB) 

wlx wx^ 



ZS III. ~ ... 


(313C) 

2 2 

wV‘ 


Mtm is at the middle point and 


{313D) 

w 



li 

M 

1 


(31SE) 

24i7,/ 

Bwl* 


Vn is at the middle point and =3 

— 

(313F) 
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314. Problem. — A wooden beam of uniform strength, supported at the ends, 
is 12' long, 6" wide and supports a uniformly distributed load of 1000 pounds 
per lineal foot. Find the depth at the end to safely resist shear, and the depth 
at the middle point to safely resist bending moment. 

1000 X 12 

Solution. — The reactions are equal and each =r = 6000 pounds 

2 

(314A) 

Shear, 8^,^^ = 6000 pounds (314B) 

F 

Using the equation, = — 

A 


Remembering that for wood = 1000 pounds, that A = bD, and substitut- 
ing, we have 



6000 

1000 =: 

(314C) 


6XI> 

6000 

D = 1" 

(314D) 

1000 X 6 

Bending Moment, M/ at middle point = 6000 X (6 X 12) 

-- (1000 X 6) X (3 X 12) 


= 216,000 inch pounds 

(314E> 

Using the equation, 

Mf 


Remembering that a/ 

1 

y 

for wood = 1000 pounds, that 1/y = bD^/6^ and sub- 

stituting, we have 

216,000 X 6 

1000 = 

(314F) 


D^ = 2ie 

(814G) 


D = 14.7" 


(314H) 


A Beam Without Weight, Fixed Horizontally at Both Ends and 
Supporting a Load at its Middle Point* 

316. Let it be required to find the equation of shear, bending 
moment, and mean fiber of the beam described above. 

Eepresent the beam by Fig. 316A, in which c and d are sections 
on the left and right of the weight, W, at its middle point. 

Beactions. — ^It is not possible to determine the reactions by the 
general equations of equilibrium; therefore we obtain expressions 
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for them by certain substitutions for constants of integration in 
which we make use of certain known properties of the curve of 
mean fiber and determine in the equation certain values derived 
from the values of the reactions. 



i. 

i}i6 B 


We know, as shown in Fig. .‘11 6B, that since the beam is fixed 
at the ends and symmetrically loaded the curve of mean fiber at 
O, A, and X is horizontal and that it.s tangent (d;/ dx) at these 
points is equal to zero. 

We know, also, that in order to make the beam fixed at the ends, 
when the beam is loaded, some force must be exerted to hold the 
ends in position and prevent their movement. 

Assume R' as the vertical reaction at the left support, and F as 
the other force to the loft of it with a lever arm, necessary to 
make the beam horizontal at O. 

Then, since the beam is symmetrically loaded, 

W 

R'-- — -\F (.ni5A) 

2 

The equation of the second differential of the curve of mean fiber 
(equation of curve of bending moments) Is 


EiWy 



(316B) 
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Prom O to A, 

W Wx 

Mi = -F iV + x) + (— + F) X FV 

2 2 

Substituting in 315B, we have 


E[Id-y Wx 

FV 

dx- 2 


(315C) 


(315D) 


E/Idy Wx^ 

Integi-ating, FVx + C (315E) 

dx 4 


As stated above, the deflection of the beam is such that dy/dx = 0 
where a: = 0. 

Substituting in equation 315E, we have 


C = Q 

Substituting this in equation 315E, we have. 

(315P) 

Efidy Wx- 

- FVx 

dx 4 

(315G) 


We also know that dy/dx = 0 where x = 1/2. Substituting this 
in equation 315G, we obtain 


WV Fl'l 



0 

16 2 

Wl 

(316H) 

Hence, 

F = 

8V 

W Wl 

(3151) 

and 

+ 

(315 J) 


2 81 ' 

Shear. — From the definition of shear, we have 

W 

Prom 0 to A. S, = B'-F = — (315K) 

2 

W W 

From A to Z, S„- W= (315L) 

2 2 

Bending Moment. — ^Working from the left, we have 
From O to A, 

Wl W Wl Wx Wl 

M,=^-F {V + x) +R'x- iV + ») + (—+ ) a;= 

81' 2 8i' 2 8 

(316M) 
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Pfs: W7. ^ 

From A to X, Mf=- TF (.r - ) (F.inN) 

2 8 2 


Curve of Mean Fiber. — Sub.stitiitiii}? for M/, in cciuation .“iloB, 
its value in equation 315M, we have 


Jb'ildrif ir.)- 117 

dx~ 2 8 


(;iir>o) 


Integrating, and making C 0 as in (.'quation 31 5f’, we have 
Efldu lF.r- H7.r 

dx 4 8 

Integrating again, 

IF.)-’ W7.if' 

E,Iii f C' 

12 16 

Where « 0, j/ - - 0; hence C' 0; and etjuation .‘115Q becomes 

W 

2/ • ('Ij-'’ (316R) 

AZE,I 

The above deduction applies only to the left half of the curve 
of mean fiber. The curve is symmetrical for the right half, but 
deduction of its eciuation will rwiuiro use of equation ;115N. 

The maximum deflection is at where the value of y is 


(:iir>P) 

(;ii5Q) 


in* 

loifV 


(3158) 


Beam Fixed Iloriisontally at Both Ends and Uniformly Lcwided. 


316. By deduction similar to the preceding, we fin<i (Fig. .*il6A) 



wl 

S„ wx 

2 

EfWy wl wx' 

M, ^ ■ ( + F) X F IV '{■ x) 

2 


(:j16A) 
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wlx wx'^ 

FV 

2 2 


wlx wx- wP 


2 2 12 

wl? 

(316B) 

Mfm is at the ends and 

12 

(3160) 

w 

y ■ ■ — {2lx"‘ ~ u:‘ — l-j?-) 

2AEfI 

wl' 

(316D) 

ym is at the center and 

ZSAEjI 

(316E) 


Beam Without Weight Fixed Horizontally at One End, Resting on a 
Support at the Other, and Supporting a Load at the Middle Point. 

317. The equation of shear, bending moment, and curve of mean 



w 


Fis. 317 A 

fiber. Fig. 317A, we find by deduction similar to preceding deduc- 
tions to be 

11 

0 to A, Sv = — W (317A) 

16 

5 

A to X, Sv= W (317B) 

16 

3 11 

0 to A, Mr== Wl + — Wx (3170) 

16 16 

5 6 

A to X, Mf= WX + — WI 

16 16 


(317D) 
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O 

Mf is greatest at 0 and Wl (SITE) 

16 

3 11 

0 to A, E III WLv^ I- — Tr.)-’ (317F) 

32 96 

5 15 12 2 

A to X, E,ly IF-c* + — Wlx^ ■ ■ — Wl\t -1 — Wl- (SITC) 

96 96 96 96 

2/m is greatest at some point between A and X (where hy b.r - (p 

Wl^ 

and ^ (31711) 

10857,7 


Beam Without Weight, Uniformly Loaded and Fixed Horizontally 
at One End, and Resting on a Support at the Other. 

318. By deduction (Fig. 318A) similar to the prert‘ding, we 
obtain 



Sv - 

- XOX -i- • 

— ltd 

{:U«A) 



8 



6 ltd- 


M, ■■■■ 

— 

-f ii'lx 

(3181!) 


2 

8 « 



n:x 

5 tt'r'x' 


E,Iy ■- 

— 

- d V'lx ' ■■ ' 

(HISC) 

24 

48 16 


As in paragraph 317, the miiximum deflection Is bet. ween the 
center and right support, where dy/dx ■■■ 0, or whore x il) 16)/ 
approximately. 

«;/* 

Hence ym — ~—™. (HI 811) 

18057,7 
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319. From preceding equations, we construct the following table : 

Table 31 9A; Maximum Values of Bending Moments, Fiber Stress, 
and Deflections in Beams of Uniform Cross-section, whose length 
is I and whose load is W or wl. . 


Method of Loading and Supporting. 


Cantilever with load at end 


Cantilever uniformly loaded 

Beam resting on end supports with load at 
middle point 

Beam resting on end supports, uniformly 
loaded 

Beam fixed horizontally at both ends, with 
load at middle 

Beam fixed horizontally at both ends, uni- 
formly loaded 

Beam fixed horizontally at one end and rest- 
ing on end support at the other, with load 
at middle 

Beam fixed horizontally at one end and rest- 
ing on end support at the other, uniformly 
loaded 


Maximum 

Maximum Fiber Stress Mgin'mnm 

omen Deflections 



Wly 

1 

WP 

Wl 

— 

— 



/ 

3 

EfI 

wl- 

wl^y 

1 

wl*‘ 

2 

2/ 

8 

EfI 

Wl 

Wly 

1 

WP 

4 

"IT 

48 

EfI 

wV^ 

wl^y 

5 

wl* 

8 


384 

EtI 

Wl 

Wly 

1 

WP 

8 

IF 

192 

EfI 

wl^ 

wPy 

1 

wl* 

12 

12/ 

00 

CO 

EfI 

BWl 

miy 

1 

WP 

16 

16:/ 

108 

EfI 

wl^ 

wPy 

1 

wl* 

8 

IT 

180 

E/I 


320. Maximum Deflections. — ^In the construction of the floors of 
buildings, to prevent injury to plastered ceilingrs of rooms below, 
it is engineering practice to limit the deflection in each beam to 
about 1/360 of its span. Under this limitation, the proper load of 
the beam may he determined from the calculation for maximum de- 
flections above, and not from that giving the safe fiber stress, since 
the allowable deflection may limit the load before the surface fibers 
have reached their safe fiber stress. 


321. Problem. — A rectangular -wooden beam 6" wide and 30' long is sup- 
ported at its ends and weighs 50 pounds per cubic foot. Find its depth, if its 
maximum deflection is 1" under its own weight. 

Solution. — From table, paragraph 319, we have 

6wl* 


Vm = 


BMEfI 
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From statement of the problem, we have 
= 1 " 

6 D 

= — X — X30X50 
12 12 

I = 30' = 30 X 12" 

Ef = 1,000,000 poumls 
J=hD«/Vl ..:/)V2 
D ? 

Substituting in above, we have 
G T> 

5 X — X — X 30 X r.OX (12 X 30)» 

12 12 

384 X 1.000,000 X 

Solving, we obtain 

i) L-: 8.7" 

General Equation of Bendinf>: Moments. 

322. For convenience in olitaining bending moments, it is often 
desirable to obtain the beiuling moment at. one .section, and then by 
use of this bending moment anil the remaining forces, to find the 
bending moment at other sections. This is practicable, as vcill be 
shown in the deduction below. 

Taking Figs. 315B and 316A, we have for the bending monnmt 
at any section between 0 and A : 


W 


Fig. 315B, 

Mf ■ F il' + ar) 1 (— • !■ F) a: 

2 

Wx 

(;S22A) 


M, - FI' ■» 

2 

(322B) 

Substituting S„ for its value W/2, we have 



ilf , _ PI' + SyX 

wl wx? 

(K22C) 

Fig. 316A, 

Mf - F (V + x) 4- ( 1- F) X 

2 2 
^ wlx WX* 

(322D) 


2 

<822E) 


Substituting Si, for its value tel/2, at the left support, we have 


wz* 

Mf FI' + 

2 


(322P) 
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Analyzing equations 322C and 322F and remembering that FV 
is the bending moment of F with respect to the left support, we 
note the principle that the tending moment at any stated section 
is equal to the bending moment at any preceding section, plus the 
tending moment due to the shear at this preceding section, plus the 
bending moment of the forces between this preceding section and 
the stated section. 

323. Problem. — A beam 20' long and fixed at both ends, is loaded nniformly 
with 60 pounds per foot. It has a bending moment up to the left support of 
2000 foot pounds. What is its bending moment at a point 12' from left support? 

Solution. — Using equation 322F 

wx^ 

Mf = - FI' + S„x (322P) 

2 

Substituting, we have for bending moment 12' from left support 
Mf=- 2000 + 600 (12) - 4320 
Mf = 880 foot pounds 

CONTINUOUS BEAMS. 

324. A continuous beam is one resting on more than two sup- 
ports, or having its ends so fixed that they will not move. Since for 
parallel forces there are only two equations of equilibrium (para- 
graph 113) and it is possible to determine only two unknown 
quantities, it is evident that other equations are necessary where 
a beam is continuous , that is, has three or more supports, and con- 
sequently three or more unknown reactions. These equations are 
provided by the theorem of three moments.* 

325. Let it be required to find the equations of bending moments 
for a continuous beam. 

Represent by Pig. 325A a continuous beam in which each section 








€1 

0^ 

w % 






r 



Z 


Z 

s 


i 




1 


J 



M'f 



My 

J 



Fi£. 3B5 A 

■^Tho theorem of three moments applies only to beams not fixed at the ends. 
For beams fixed at the ends, it is necessary to use a very complicated deduc- 
tion (omitted) involving the principles of the Theorem of Least Work. 
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is uniformly loaded as shown, and the angles q)'»cp", etc., are the 
angles made by the axis of the loaded beam with the axi.s of X at 
the various supports. The loads are represented as uniform, for 
simplicity in deduction ; but the method of deduction will apply to 
similar beams not uniformly loaded. 

The deduction consists in applying the Gcnei*al Equation of Bend- 
ing Moments to- each support and sector to its right, and eliminating 
unknown quantities and constants of integration thereby deriving 
an equation containing known quantities and the bending moments 
at three points of support. 

1st. — Beginning at the point O', and using the General Equation 
of Bending Moments given in paragraph "22, we have 


From O' to 

0", Mf--^ 

E,Idr-y 

M't H 

irx-’ 

I S',.x - 

(.12i>A) 

Integrating, 

Efldy 

dx^ 

S',x^ 
M'fX -I 

2 

}. c 

(:)2r>n) 


dx 

2 6 


At 0", where x " ■ I, we know that di/, dx - tan q ". Kub.stituting, 
we have 

C - E, I t&n <f" ~ M'fl b (.*1250 ) 

2 6 

Substituting this value of 0 in ecjuation :525B, we have 

dy irx S',r trt> 

Efl ( tan <p") M',x. 4 M',\ - - - , — . - 

dx 2 6 2 6 

(.i2r»D) 

Integrating, we have 

M',x^ wx* S%tr. V'Vx 

EfHy-tm <p "x) + M'flz i i (’/ 

2 6 24 2 6 

(:j2r»E) 

At O', where a: ” 0, we know that y 0, hence C'- - 0. At 0"» 
where x - I, •we know that y 0. 

Substituting, we have 

M',l S'rZ* S'.P 

- Efl tan <p" = + M'fl + (1126F) 

2 6 24 2 6 

~~2~ "T" 


8 


(32ISG) 
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In the above equation, S'v may be eliminated by obtaining its 
value from the General Equation of Bending Moments at O", where 

X = 1. 

wl- 

This equation is, M"f = M'f + S'vl — (325H) 

2 

M"f Mf' wl 

or S\ + (3251) 

I I 2 

Substituting this value in equation 325 G, we have 

M'fl M"fl M'fl wP wP 

- EfI tan(p" = + + )325J) 

2 3 3 6 8 

M"fl M'fl wP 

(325K) 

3 6 24 

2nd. — Starting anew with the origin at 0", and working in a 
similar manner, we have for the bending moment at any section 
between 0" and O'" 

d^y w'x'^ 

Mf = EfI = M"t + S"^z (325L) 

dx- 2 

dy S"vX- tv'x'-' 

Integrating, EfI = M"fX + + C (325M) 

dx 2 6 

At O", where x = 0, we know that dy/dx — tan <p". Substituting, 
we have 

dy S"vX^ w'x^ 

EfI ( tancp") =M"fX + (325N) 

dx 2 6 

Integrating, 

M"tx’‘ S"vX'^ w'x*' 

Ell {y - tan q>"x) = + + C' (3250) 

2 6 24 

At 0", where x — 0, we know that y = 0, hence C' = 0. At O'", 
where x ~ I', we know that a/ = 0. Substituting, we have 

M"tl' S"„l'^ w'l'-' 

- EfI tan cp" = + (325P) 

2 6 24 

In the above equation, S"» may be eliminated by obtaining its 
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value from the General Equation of Bending Moments at O'", where 
a; = I'. 





u'T- 



This equation is M'" 

, - M’'f 

d- s" ,r 

o 


(;52r>Q) 


M"', 

M", 

tr'I' 



or S"„ r 


-j 



(22511) 


V 

v 

2 



Substituting this value 

of S",. 

in equal 

ion I»2,'>P, 

tvo 

have 

M"il' 

M”',r 

M",r 

te'V-- 

w'l 


— EfI tan (()" ■- d • 

- - 

... • 

) — — - 


■ (2258) 

2 

6 

6 

12 

24 


M,'T 


irT- 




— -j. 

. _ . ■ 

J . 



(225T) 

2 

6 

24 





We now have two independent ociuni.ion.s, eneh of which con- 
tains the unknown, — K [I inn . K(iiuiling these two valucw of 
— ^;7tan <(i" in equations 325K and :?2i>T, and t run.si)o.sing, wo have 

«•/' irT’’ 

M'll f 2M’'i (/, 1 /') t M''',r - (:52r>U> 

.1 4 

This is the etjuation of tlie tkcorrin of thrv.v moninitu de- 
duced for continuous beams who.se H<'gn»nitH are unequal but each 
uniformly loaded. 

It is eviilont that we can obtain as many such equation.s as th<*re 
are supports to the beam less two. Thus we can determine (n — 2) 
independent equations for a beam re-sting on « supports. If, ther«*- 
fore, we know the bending moment at t wo of the support, s, we can 
determine all of the others. 

If the ends of a continuous beam ai-e not fixed, the hciuUng 
moments at these end supports can always bo determined when we 
know the forces acting on the beam outside of these supports. This 
gives us values for two bending moments. Therefore, in such 
cases, we can always determine the bending moments by use of 
the theorem of three moments. 

32C. Problem, — A beam 30 ftsot long rests on f«)«r ttuppcirtit, xpHrmi 10' 
apart, and is uniformly loaded with a weight of 12 (Ktunds por fw»t. Fimi 
the oquation (»f bonding momonts. 
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Solution. — Using* equation 325U 

w'V^ 

M^fl + 2M"f(l + V) + M'"/ = 

4 4 

w"l"^ 

+ V^) + Miy'' = 

4 4 

Making ? = V = Z", and = w'', we have 

wl^ 

+ 4M"^r 4- = 

2 


wP 

M^'fl 4* 4M'"^^ + = 

2 


Since there is no force outside of the end supports, we know that 
= 0. Substituting, we have 


wP 

4M"^l 4 M^"fl =: 

2 


top 

M'^fl 4 = 

2 

Combining and solving, we have 


wP 

M''f = = 

10 

Eepresenting the reactions by JB', JB", etc., and using the General Equation 
of Bending Moments (paragraph 322), we have 

wP 

= m 

2 


wP 

But = 

10 

wl^ top 

Hence R'l = 

2 10 


Awl 

Solving, we obtain R' = 

10 

With this known value of 7B', wc can obtain the equation of bending moments 
at any section between the first two supports. In a similar manner, R'\ etc., 
can be calculated and the bending moments obtained at any section. 
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HORIZONTAL SHEAR. 

327. If two planks are placed one above the other and supported 
at the ends, the elfect of a vertical force at the middle will be to 
cause the two planks to slide upon each other. This is an evidence 
of horizontal shear. 

If the two planks are nailed toj^elher, the effect of the vertical 
force will be to cause a shearing stress on the nails ; but the two 
planks will not slide on each other if the nails are strong enough 
to overcome this shearing stress. 

If a beam is supported at the ends, and a vertical force is ap- 
plied at the middle, it will cause a shearing stress similar to that 
of the two planks ; but the internal stresses of the beam will be 
developed to ctvercome this horizontal shear, and they may be suf- 
ficient to prevent any horizontal movement of one part of the beam 
on another. 

328. Let it be required to deduce an expression for t he horizontal 
shear in beams acted on by vertical forces. 

Represent by Fig. 328A a cantilever supported at the left eml, 
with a load, W, at its right end, with two vertical planes A' li' C' D' 
E' F' G' H' and A" B" C" D" E" F" G" IV separated by the dis- 
tance 5*, and with the horizontal plane, (•" f" IV //", paralbd to 
the neutral surface, G" G' 1)' D". 



m. Si8 A 


w 






Beams. 


93 


If we can find a general expression for the horizontal shearing 
stress in the rectangle C" C' H' H" which prevents movement by 
the prism B" B' A' A" C" C' H' H", we shall have the desired ex- 
pression for horizontal shear in beams acted on by vertical forces. 

Considering the prism A' B' C' H' A" B" C" H" with its plane 
C" C' H' H" at a distance y" from the neutral surface, assume that 

dy dz = elementary area of cross-section. 

(s,')i = unit bending stress in an elementary area at unit 
distance from the neutral surface. 

Then, as in paragraph 259, 

= bending stress in an elementary area at dis- 
tance y from the neutral axis. 

Applying this to planes A' B' E'F' and A" B" E" F" 

(.s'f)iydy dz = bending stress in an elementary area of the 
plane A' B'C'H' at distance y from neutral 
surface. 

(s"f) ^ydy dz = bending stress in an elementary area of the 
plane A" B" C" H" at distance y from 
neutral surface. 




ydy dz = bending stress in area A' B' C' H' 
of plane A' B' E' F'. ■ (328A) 




y-v" 


ydy dz = bending stress in area A"B"C"H" 
of plane A" B" E" F". (328B) 


In the above equations, each double integral is the sum of the 
products of all the elementary areas by their distances from the 
neutral axis. This is an expression for the /static moment of an 
area about its axis of rotation, and from Mechanics is equal to the 
total area multiplied by the distance of its center of gravity from 
the axis. 

Taking A„ = area of A' B' C' H' or A" B" C" H". 

jy = distance of the center of gravity of either area 
from neutral axis. 


Then A,d3' = static moment of either area with respect to neutral 
axis. 
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Substituting in equations 328A and 328B, ive have 
(s',) j = bending stress in area A' B' C IB 
(s"f)^ AvD'= bending stress in area A" B" C" H" 

Considering the small prism A' B' C IB A” B" C" H" as a “free 
body”, the horizontal shearing strews on ihe base (" IB 11" C" must 
be equal to the difference between the bonding stresses on .1' IB (” 
H' and A" B" C" H". 


That is hMx [ («”, ) , - - («';) ,] A ,~D' (328r) 

It is necessary to obtain this expression in terms of the bending 
moment and vertical shear at any section. 

From equation 259D, we have 


(«/'>■ 


i»// 

/ 


(2r>9i» 


Applying this to the values of (s'/)i and (s",),, and taking 
Mf- bending moment at section A' IB E' F% 

Mt\ (IMf ■ ■ bending moment at section A" It" E" F'\ 


■we have 

(s”/), ' 

w 1 J 


{2281 » 
(228E) 


Substituting in eiiuation 3280, we have 


S , 


^JtlMiXAjy 
\ dx / 6 / 


(:i28(;) 


But 


dMf 


dx 


:* Bv “ vertical shear in w'ction A* IB E' F'. 


Substituting in equation 328G, wo have 


. BrAJy 

’* " 1 / 


{328H) 


That is, the unit horizontal shearing stress at any point of a sur~ 
face parallel to the neutral surface, is equal to the result obtained by 
multiplying the vertical shear at the section by the static moment 
of the area of section between this surface and the surface of the 
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beam, and dividing this 'product by the moment of inertia of the 
section of the beam multiplied by the breadth of the beam at the 
surface cotisidered. 


329. Let Ah ~ total area of a horizontal surface between sections 
with the same vertical shear. 

Then = total shear in the horizontal surface. 


SvA jy Ah 


(329A) 


330. This equation is true only if the beam is of uniform cross- 
section so that I is constant. Hence in the same horizontal sur- 
face, since ArD' and b are also constant, the value of in the 
equation 328H will vary with S,.; or, in a beam of uniform cross- 
section, the unit shearing stress in any surface which is parallel 
to the neutral surface, will vary with the vertical shear. 

The unit horizontal shear will therefore be uniform at every point 
of a horizontal surface of a beam whose vertical shear is constant, 
and the total horizontal shear will be equal to sjol. The unit hori- 
zontal shear will be variable in the horizontal surfaces of a beam 
whose vertical shear is not constant. . The total shear in the plane 
will be equal to the mean value of s, multiplied by bl. 

331. In the same plane of cross-section Sv will be constant, and 
the value of s, in equation 328H will vary with ArD'/b ; or, the unit 
horizontal shear in any plane of cross-section will vary directly 
with the static moment of the area included between the surface of 
the beam and the surface of horizontal shear, and inversely with 
the breadth. 


332. In a rectangular beam of uniform cross-section whose depth 
is D and whose breadth is b, we have 


Therefore fRq. 328H) 


D 


+ ?/ 


2 


Hence A|,D 


6 

2 


... ^rAjy 
hi ' 


h 

hi 2 


[(?)■-] 


(332B) 


The unit horizontal shear in any plane of cross-section will vary 
in a direction perpendicular to the neutral axis with the expression 
(7;/2) ; it will be zero at the surface where y—D/2, and will be 

a maximum at the neutral surface where y = zero. 


833. Vertical Shear, — In paragraph 238 we have shown that the 
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unit vertical and horizontal shears at any point in a beam must be 
equal to each other, hence the vertical shear must vai*y in the plane 
of cross-section, and must be a maximum at the neutral axis. 

If, in equation 332B, we substitute for I its value (1 12 ) hD \ and 
for y its value zero at the neutral axis, we have 

(smi 

or the unit horizontal shear at the neutral fiber is 3. '2 the unit 
vertical shear assumed to be uniformly distributed over the area 
of cross-section. 

In a rectangular beam, therefore, the true maximum unit vertical 
shear at the axis is 3. 2 its assumed value on the basis of uniform 
distribution. However, it is usual to omit consideration of this 
variation in vertical shear and to assume it constant throughout 
the cross-section ; and this is generally satisfactory in work of de- 
signing, because beams arc designed ordinarily to resist bending 
forces and have a large excess strength to resist vertical shear. 

COMBINED STRESSES. 

334. Tension and Flexure. — If 
a beam is subjected at the same 
time to both tensile and bending 
forces, the maximum unit .strcs.H 
will be in the fiber in which the 
sum of the tensile stresses due 
to the two forces is a maximum. 

This fiber will usually be the sur- 
face fiber on the tension side of 
the danger section. In Pig. 334A, 
taking ■= maximum longitudinal 
unit fiber stress in beam, 

m. -m ‘i 

then, a. s, 4 - ^ 4 . (;J34A) 

A I 

335. Compression and Flexure. — Similarly, for a force producing 
compressive and bending forces, we have 
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s,n =Sc + Sf = (335A) 

A I 

336. Flexure and Shear. — A force of flexure produces longi- 
tudinal stresses in the fibers of the cross-section of a beam, and 
shearing stresses in each horizontal plane and in each vertical plane 
of cross-section. 

The joint effect of the stresses will be to bring a combined stress 
on some oblique plane. 

By deduction (omitted) we obtain the equations 

2 ,4 

S.^== ± yj' s\ + 

337. Longitudinal Stress and Torsion. — As torsion is a shearing 
stress, the formulas above given are also applied to stresses pro- 
duced by a combined longitudinal and torsional force. 

By similar deduction (omitted) we obtain the equations 

Stm = -H 

or -b + 

, _ , s*< (or Sc®) 

PROBLEMS. 

P. 301. A cantilever, projecting to the left, 20' long, carries a concentrated 
weight of 200 pounds at its free end. 

(a) Write equations and construct curves of shear and bending moment 
with the origin at the free end; (1) the units being in inches, (2) the units 
being in feet 

(b) Select I-beam, (1) allowable stress .-=16,000 pounds per square inch. 
(2) allowable stress 12,500 pounds per square inch, 

r, 302. A cantilever projecting to the left, 15' long, carries a concentrated 
weight of 1,000 pounds at the free end. 

(a) Write equations and draw curves of bending moment and shear. 

(b) Find fiber stress if the beam is of wood, rectangular, 8" wide by 0" 
deep. 

(c) Belect the proper I-beam for a maximum fiber stress of 16,000 pounds 
per s<iuare inch, I vertical. 

(d) Select the lightest channel to bo placed with the web vertical, maximum 
ftber stress being 16,000 pounds per square inch. 


(337A) 

(337B) 

(3370 


(336A) 

(336B) 
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P. S03. (Fig. P. 303.) Write the equations of bonding moments and shear, 
with origin at free end, and show them graphically. Find nioniouts and shear 
at weights. Neglect weight of beam. 


Ji < 

rr M J^J 


(ItH 

V/av. ^ 
/»oo 



'h 

‘ / 


Fig. P. 303. 


P, 304. A cantilever is firmly fixo<l horizontally into a wall and acted on by 
an upward force of 200 pounds, 15' from the support, and by n downward force 
of 100 pounds, at the end, 10' further out. Neglecting the weight of tlu‘ beam, 
determine the equations oC bending moment and shear, and draw the curves 
for same. 

P. 305. A cantilever projecting to the left, 20' long, earrie.n a uniformly 
distributed load of 2 pounds per linear inch. 

(a) Write equations and draw curves of bending monuuit and shear with the 
origin at tho left end. 

(b) Assume tho beam to bo made of wood. In onlc*r to !>e safe, hnw wide 
should it be, if its depth is 0"? 

P. 306. (Pig. P. 306.) (a) Write equaiioius and draw curves of beialing 
moments and shear. 

(b) Find values of M and nt O, ri, //, and a 


r- - ^ 

f.. ^ . 


iiiiiMnMiM 




1 

JJ 

a 

% 






* 

% 





Fig. P. mi 

P. 307. (B’ig, P. 307.) (a) Write equatloim am! draw curves of bt^iiding 
moments and shear. 

(b) Find values of bending moment and shear at j: 4, 10, 20 ami 30.* 
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P. 308. (Pig. P. 308.) Write equations and draw curves of bending moment 
and shear, and write values at xz=:0, 8. and 16. 



P. 309. (Fi^?. 309.) Write the equations of bending moment and shear; find 
values for bending moment and shear at the position of the loads and draw 
lines of shear and bending moment. Neglect weight of beam. 


»OOtb9. 


JT 


P. 310. (Fig. P. 310.) (a) Write equations and draw curves of bending 
moment and shear. 

(b) Find values of bending moment and shear at a?=:0, 40, 60, 80, and 100, 



/,AfOoZ6^. /,20ofM, 
Fig. P. 310. 


P, 311. (Fig. P. 311.) (a) Write equations and plot curves of bending 
moment and shear. 

(b) Determine maximum shear, maximum bending moment, and dangerous 
sections for shear and bending moment. 




Pig. P. 811* 
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P. 312. (Fig. P. 312.) Write equations and draw curves of shear and bond- 
ing moment. 



P. 313. (Fig. P. 313.) Draw linos of shear and write values of ordinates at 
points where values change abruptly. 





Fig. l\ 313. 

P, 314. (B^ig. P. 314.) (a) What concentrated hmd placed at, O will mak4» 
R* = 01 

(b) With this load in position, write equations and draw curves <»f lauiding 
moment and shear. 



P. 315. (B'ig. r. 316.) Write equationa and draw curve t>f «hi»nr ami 
ing moment. Hingc.s at A and 
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P. 317. A beam 20' long, weighing 20 pounds per lineal fo'ot, is placed upon 
a support, dividing it into segments of 16' and 4' and is kept horizontal by a 
downward force W at the middle point of the smaller segment. 

(a) Find the value of W, and the reaction of the point of support. 

(b) Draw lines of shear and bending moment. 

P. 318. A man and 8 boys carry a stick of timber, the man at one end and 
the boys at a common point. 

(a) Find the position of this point, if the man is to carry twice as much 
as each boy. 

(b) Plot curves of shear and bending moment. 

P. 319. (Fig. P. 319.) Determine the value of W and construct to scale 
the curves of shear and bending moment. Hinge at C. 


i_ 

„ ^ , 
1 J 

1 ' . 

1 !■ 1 j 

{ 

r 

Ttr 


J? 


Fig. P. 319. 


P. 320. A beam 10' long, resting on end supports, has a dead load varying 
uniformly from 0 at the left to 100 pounds per lineal foot at the right end. 

(a) Find the reactions, 

(b) Write equation of shear, origin left- 

(c) Write equation of bending moment, origin left. 

(d) Determine maximum value of bending moment in foot-pounds and 
position of dangerous section. 

(e) Determine maximum shear. 

(f ) Draw curves of .shear and bending moment. 

(g) Find bending moment and shear at ir=r3, 6 and 0. 

P. 321. A wooden cantilever beam, 12' long, G" wide and 8" deep, supports 
a weight of 300 pounds at the free end. Find the equation of the moan fiber 
deflection in inches, origin being at free end. Also find greatest deflection in 
inches. 

P. 322. A wooden cantilever beam, 6"wide, 8" deep and 10' long, supports 
a weight of 1,000 pounds at the free end. Find the maximum deflection due 
to this load. 

P. 323. (Fig. I^ 323.) Deduce the equation of the mean fiber, the unit of a? 
being in inches. 



Fig. P. 323. 
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P. 324. "What is the deflection at the end of a cantilever of wroupThl-iron 2(V 
lonp:* 2'’^ wide and 4" deep, under the action of its own woifrht and a load of IDO 
pounds concentrated at the free end? ('onstruct curve of bending momoiii to 
scale. E = 24,000,000. Weight of iron equals 4S0 pounds per cubic foot. 

P. 325. A wooden beam, 15' long supported at the (uids, of roctiuigular cross- 
section 2" by 8", boars a load of 500 pounds conceutrai.ed at its mi<id]e point. 
Find the equation of the mean fiber and the value of the greatest tletle<*tion; 
8" dimension is vertical. 

P. 326. A 9" steel I-beam, 21 pounds per foot, supported at its ends and 10' 
long, bears a concentrated load of 25 tons at its center. Determine the maxi- 
mum deflection due to this load. 

P. 327. A floor is to support a total uniform load of 100 pounds p(‘r scpiure 
foot. The 10" steel I-boams, 25 pounds per fool, have a span of 20' and are 
spaced 6.5' between centers. Does the maximum detleetion of Iht* bi‘am excised 
1/360 of the span? 

P. 328. A wooden beam, 10' long and 3" in siiuare eross-st‘elion, is fixed at 
the ends and supports at its middle point a concent ratted load of lOt) pounds. 

(a) Deduce and plot the <?quation of the curve of luuiding moment. 

(b) Deduce the equation of the curve mean fibi^r. 

(c) Draw the curve of mean fiber, after determining th<' deflect icm at the 
following points: (1) points of support; (2) middle point of biram; (3) 
points of inflection. 

(d) Is the beam safe, iC so what is its factor of .safety? 

P, 329. <Pig. P. 329.) A steel I-beam is flxi’d at both i‘nds and louihrd ns 
shown- The moment of inertia of crcms-section of the beam about neutral 
axis is 2,087.2 (inches*^). Find the greatest deflection. 




■HHIilM 

Fig. P. 320. J 

P. 3«30, A beam 20' long and fixed at the {'nds carries a uniform load of 
12 pounds per linear foot. Determine where the curve of mean fttu'r of the 
beam has its points of inflection. 

P. 331. A wooden floor beam, 18' long, of nsdangular erosH-seetion 2" wide, 
is fixed at one end and supported at the other, and hoars a uniformly distrib- 
uted load of 50 pounds per lineal foot. What must he the depth of the beam 
in order that the greatest dofle(?ti<>n shall not exceed 1/360 of the span? 

P. 332. A steel I-boam, 20' long, Is flxe<i at one im<l and supimrUnl at the 
other, and bears a uniformly disMbuted load of 200 pounds per lineal foot* 
Select the beam that will safely bear the load. 

P* 383- A wooden beam, B" by 14^^ cross-section, 10' long and supporUul at 
each end, bears a total uniform load of 100 pounds per lineal foot. How much 
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greater will be the maximum deflection when the short side is vertical than 
when the long side is vertical? 

P, 334. A beam 16' long, 2" wide and 6" deep, has a maximum deflection 
of 0.3". Determine the maximum deflection of a beam of the same material 
12' long, 3" wide and 8" deep, with the same loading and manner of support. 

P. 335. A continuous beam, 36' long, rests on three supports spaced at in- 
tervals of 18', and is loaded with 500 pounds per lineal foot; find the bending 
moments in inch-pounds at points 10' to the right of the left hand support, at 
2' to the right of the middle support, and at that point where the bending mo- 
ment is numerically greatest. 

P. 336. A continuous beam of two equal spans is uniformly loaded. Will 
the greatest fiber stress be greater or loss than if the beam be sawn in two 
over the middle point of support, and in what ratio? 

P. 337. A continuous uniformly loaded beam 30' long is supported at both 

ends and at a point 10' from left end. Find reactions and plot curves of 

shears and bending moments, origin at left end of beam. 

P. 338. A continuous beam, 60' long, is uniformly loaded with 200 pounds 
per lineal foot and rests upon four supports equally spaced. Find the reac- 
tions at the points of support; the bending moments at the same points and 
at the middle points of the three spans, all in inch-pounds, and draw the curve 
of bending moments. 

P. 330. A continuous uniformly loaded beam, 50' long, is supported at the 

ends and at two points each distant 5' from the center. Find reactions and 

draw curves of shears and bending moments. 

P. 340. A continuous beam of three equal spans, has the second span uni- 
formly loaded and no loads on the outer spans. Determine the reactions. 
Draw curves of bending moment and shear, origin at left end of beam. Neg- 
lect weight of beam. 

P. 341. Find the maximum horizontal shearing unit stress in a cantilever 
beam 0" wide, 8" deep, and 10' long, if it supports a weight of 1,000 pounds 
at its free end. 

P, 342. (Fig. P. 342.) The cantilever is made up of two pieces bolted 
one on top of the other, each 1.6" deep by 3" wide. How many 1/2" wrought- 
iron bolts are nticessary to safely resist the horizontal shear in AB*t How 
many in DC? 



P. 343. A wooden beam, 18' long, 8" deep, and 6" wide, supported at the 
ends, is made up of two pieces 4" thick and C" wide, placed one on the other 
and held together by wooden pins 1" in diameter. A weight of 600 pounds 
rests on the beam at its middle point How many wooden pins must bo used 
to insure a factor of safety of 6 ? Neglect weight of beam. 
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P. 344. A wooden beam, 18' loiift-, is made of two pieces 12" by 12", placed 
one upon the other, and rests upon end supports. The beam carries a uniform- 
ly distributed load of 100 pounds per lineal foot. If the twv> ]uoces are bolt(‘d 
together, w'hat is the total shear on the bolts? Neglect weight of beam. 

P. 345. A beam 10' long and G" by (V' in cross-section, resting on oml sup- 
ports, is made up of three 2" by (>" wooden planks superimp(»se<l. Threi* bolts, 
one at each end and one in the middle of the beam, hold the planks together. 

(a) If the beam is subjected to a unif<n*mly distril>ut,cd loa<l of 1(H) pounds 
per lineal foot, what is (ho shearing stress oi* i‘:u*h bolt? Neglect wtdght t>f 
beam. 

(b) If the bolt at one end should fail, what would be the .shear on each of 
the other two bolts ? 

P. 340. A wooden beam is eomposed of iwc) pi(H*es, plact‘d one on the other 
and is Ki' long, 12" deep, and 8" wide, and r<‘st.s fm (*iul supports. Th»‘ top piece 
is 8" wide and 8" deep; the bottom piece, 8" wub* an<l 4" de(‘p. The two piwes 
act as a solid beam because of seven pieces of wood 2" by 2" by 8" witli grain 
horizontal bedng notcluul into both piec(*B at intervals of 2'. Find the safe 
load upon tlie middle of tht‘ beam. Factor of saftdy t*(jual.s 5. 

P. 347. A 10" steel I-beam, 30 pounds per foot, resting on suppnrts 20' apart, 
carries a load of 0,000 imunds at its middle ptdnt. DettTudne the maKimuin 
horizonl;al unit .shear if the center of gravity of t ach half-.sect i(ui i.4 4.5*’ from 
the neutral axis. 

P. 348. What is the, sisio of a square wooilen beam of 12' span, which sus- 
tains a load of 300 pounds at the center and has at the same time tt> sustidn 
a constant tension (longitudinally) 2,0(M) poumls, the maximum allowable 
stress per square inch being 1.000 pound.s? Nb'pdect wtdght of beam. 

P.349, A G" 12.25 pound steel I-beam projects downward front a wall nl. an 
angle of 45“ with the horizontal, and is 10' long. What is the safe load that 
can bo suspended from the outt‘r emi ? 

(a) Neglecting weight of beam. 

(b) Considering weight of beam. 

P. 350. A beam, 10' long, 4" by 4" in crosH-section, projerts upward from n 
wall at an angle of 00“ with the vertical. A weight of 1,000 pfmnds i« »«»- 
pendod from the free eml. What is the muximuju fiber stress, and where it? 
(cos. 00“ : : Vj). 

P. 351. A steel bar, 8" by 8" in rectangular crrjss-st'ction is firmly fixed in 
a wall and is pointing downwanl at an angle of 55 * 25' with tin* horixonUd* so 
that 4' 2" project from the wall. It carries a weight of 2,000 ptmndw at tht^ 
lower end. Find the maximum fiber stress, and Im^atc* the fiber that has no 
stress. Below what miction of the bar will all fibers be in teindon? (sun 05^ 
25' r:; .9165; cos. rr .4000). 

P. 352. A 12" 35 pound I-beam^ 8' long, rests against a vertical wall at one 
end and on the floor at the other, and makes an angle with the floor of 60''. 
A weight of 5,000 pounds is supported at the middle of the beam* What la the 
maximum fiber stress in the beam ? Neglect weight of beam. 

P. 353. A bar of iron is under a direct tensile stress of 5,000 poumls per 
H<iuare inch, and a shearing stress of 3*500 pounds square inch. Find the 
maximum unit tensile and shearing stresses* 
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P. 354. A wooden beam, 8" wide, 12'' deep and 16' long, is loaded with 2,000 
pounds at the middle point and rests on end supports. Find the maximum ten- 
sile stress on a hber A" below the neutral fibre at the middle section; also the 
maximum shearing stress at the same point. Neglect weight of beam. 

P. 355. A wooden beam, 4" wide by 12" deep, rests on end supports 12' apart, 
and carries a total uniformly distributed load of 6,400 pounds. Find the maxi- 
mum longitudinal stress of a fiber 2" below the upper surface of the beam at 
its middle section, and the maximum shear at the same fiber one foot from the 
left end. 

P. 356. A circular steel shaft, 4" in diameter, is 8' long and transmits 25 
horse-power through a pulley at its middle point, making 220 revolutions per 
minute. The belt on the pulley has a tension of 100 pounds. Find the maxi- 
mum unit torsional and tensile stresses in the extreme upper and lower fibers 
of the shaft due to combined bending and torsion. 

P. 357. A capstan post is 18" square and 4' long from base to arm, the arm 
is 12' long to side of post, and has a force of 200 pounds applied to it at the 
end. What is the maximum unit tensile stress developed in the post, due to 
torsion and bending? Capstan bar is perpendicular to face of post. 7^=6V6. 

P. 368. A circular wrought-iron shaft is subjected simultaneously to a bend- 
ing moment of 8,000 (inch-pounds) and a twisting moment of 15,000 (inch- 
pounds). Determine the least diameter of the shaft if the maximum tensile 
strength is not to exceed 10,000 pounds per square inch, and the shearing stress 
8,000 pounds per square inch. 

P. 359. A wrought-iron shaft, 3" in diameter, and making 140 revolutions 
per minute is supported in bearings 16' apart. If a load of 210 pounds is 
brought by a belt and pulley at the middle, what horse-power can be trans- 
mitted with a maximum shearing strcs.s of 8,000 pounds per square inch? 

P, 360. Determin(? the factor of safety for a wrought-iron shaft, 3" in dia- 
meter, resting on bearings 12' apart, when transmitting 25 horse-power at 
100 revolutions per minute and bearing a load of 200 pounds at the middle. 

P. 361. Deduce the formulas in paragraph 309. 

P. 362. 313. 

P. 363. 316. 

P. 364. '' ** , 317. 

P. 365. “ 318. 

P. 366. Draw, without calculations, the curves of shear, bending moment, 
inclination, and mean fiber, showing their relationship to each other, of the 
beams shown in : 

а. Pig. P. 303. c. Fig. P. 309. I Fig. P, 313. 

б. Pig. P. 306. /. Pig, P. 310. Fig. P. 315. 

c. Pig. P. 307. y. Pig. P. 311. k Pig. P. 316. 

d Fig. P. 308. k Pig. P. 812. L Fig. P. 323. 



CHAPTER IV. 

MOVING LOADS. 

401. If a load does not remain fixed in position in or on a struc- 
ture, but moves over it, the load is called a moving or live load. A 
road roller or a railway train moving over a bridge is a ntnriuff or 
live load. In the case of the I’oad roller, since the bridge is usually 
a highway bridge, it is generally desirsible to consider its weight as 
represented by one moving load concentrated under the center of 
the road roller. In the case of the railway train, since the bridge 
is usually proportionately long iis comparcKl with each car, it is generally 
desirable to consider its cars as represented by a unifonnly distributed 
load of the length of the railway train: its locomotive is repre-stmtcxl by 
a number of concentrated loads representing the weights on the locomo- 
tive wheels. 

402. In either case, the problem of finding the .stres.H duo to the 
live load in any one position is the same as the problem already 
considered for concentrated loads or uniformly distributed loads 
fixed in position. However, as the .structure must be desigmui to 
support the maximum stress, it is first necessary to determine the 
particular positions of the live load which will give the maximum 
stress on the whole structure or on certain parts of the structure. 
It is not possible to place the maximum load in any one position so 
that it will produce maximum stresses at. all sections. It in nvem- 
mry to covMdar the. live Uxtd in nil lioxvible ponitionn on the ntrue- 
ture; and it is generalli/ neressnri/ to dratr curves of nuuimnni 
stresses for every section of the structure under the, most unfavor- 
able position of the, live load; and then desiyn each portion of the 
structure to support the niarimim. stress. 

403. For complete consideration of the 8tres.scH, it is also neces- 
sary to consi<ler the stressiis <lue to the fixed loads. Tiiesc are calletl 
the dead loads. T'aking, for example, a railway bridge; it has the 
dead load due to the weight of the structure ami the live loml due 
to the railw'ay trains whii-h cross it; the dead and the live loads 
together develop the maximum strc.HscH in the members of the 
bridge, 

404. Let it be required to determine shears and l)ending moments 
in a beam without weight resting on end supports, under the action 
of a single concentrated live load. Determine also the maximum 
stresses at every section. 

Represent the beam by Pigs. 404A and 404B, with the live load 
W, with C as any section under consideration, ana with x as the 
distance from the origin to any position of the live load. 
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Shear. — (Fig. 404 A). The equation is obtained for shear at any 
section as the load moves over the beam. From this the maximum 
shear is determined at each section for any position of the load. 

w 



a. WhiU the load moves from O to C, we have 

V L 

Since y < L, S.. will be negative and will increase with x until x 
roaches its maximum value, /, when we shall have 

.S; at a (404A) 

b. While the load moves from C to X, we have, at any section, C, 

at C = (404B) 


Since x < I, Sr will be po.sitive and will decrease a.s x incrcaHo.s, 
The maximum value is when x is at its minimum or equal to d. 

We then have w (L—h 

5, at (7 « ^ (4040 
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Therefore, if a concentrated lire load, morca oi>er a beam with- 
out weiffht, the live load. Hhcar at any section will be numerically 
greatest when the live load is at the section. This ^ives Uie two 
curves of S,»i as shown in Fig. 404A for maximum shear at each 
.section. 

To find the section having the greatest maximum shear, we take 
equations 404A and 404tt and substitute such \alu(fs as will givt* thi! 
maximum for S,-. We find that thi‘ maximum is when / L for 
equation 404A, and when / 0 for eiiuation 404(1. 'rht>se values of 

I are when the live load is at the supports, and are etiual. 'Plu're- 
fore, if a. concentrated lire load mores over a beam leithout weight, 
the lire load shear is a m.a.vimum. at the suggorfs-, this occurs when 
the load is at the sugports.* 

Substituting the value of / L in equation 404A, we find thi.s 
maximum live load shear to be 

.S'm W (4040) 

Bending Moment. — (Fig. 404ii). The equation is obtained for 
bending moment at any section as the load niovt'S over the beam. 
From thi.s the maximum bending moment is determined at i*aeh 
section for any position of the load. 

a. While the 'load mores from () to (', we hare at any sect bin, C, 

Jlf/at('. H’'/ - /) »V( 1 j ) 404K,( 

Since / < L, M, will be positive ami will inert'use with .r, until .<* 
reachi's its maximum value, /, when we shall have 

Mfiil (’ 117 ;4<J4F) 

h. While the load moevi^ from V to X, ive fiuee at any 

M/at (' R't 117- 117 ( 1 'J' ) M04(i) 

Since x <.L, Mt will be positive anti will dterease while in- 
crea.se.H, 

The maximum value is when .»• I, when we shall have the .same 
value of Mf as in etiuation 404 F. 

Therefore, if a concent rated lire load mores orer a beam with- 
out weight, the live load handing ■moment at any section of the 
beam will be numerically greatest when the live loatl is at the 
section. This gives the curve M/„ as shown in Fig. 404B for max- 
imum bending moment at each section. 

• The maximum shear is at a Hupp«»rt when the live loatl Is actually a very 
small tllHtanco from the support; for all prat'tical purposes it is taken as at 
the support. 
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To find the section having the maximum bending moment, we 
take equation 404F for the maximum bending moment at the sec- 
tion at a distance I from the origin of co-ordinates, and substitute 
X for I to obtain the equation for the maximum moment at any 
section at a distance x from the origin, thus 


Mf = Wx- 


Wx^ 


(404H) 


If we differentiate this equation with respect to x and make this 
differential equal to zero, the resulting value of a; locates the point 
where the tangent of the curve is zero, that is, where the curve is 
highest which is v-^here the bending moment is a maximum. 


Thus 


Whence 


dM, 

dx 




2Wx 

I 


= 0 


x = 


(4041) 

(404J) 


Therefore, if a concentrated live load moves over a beam with- 
out weight, the live load bending moment is a maximum at the 
middle point of the beam; this occurs when the load is at the mid- 
dle point. 

Substituting in equation 404H, we find, the maximum bending 
moment to be tj/t 

= — (404K) 


40.5. Problem. — A concentrated load of 100 pounds rolls over a beam 80' 
lonjr, without weight, i-esting on end supports. Find the maximum shear and 
bending moment at a point 20' from the left support. 

Solution. — Prom paragraph 404, we know that both the shear and bending 
moment at the point will be maximum when the live load is at the point. With 
this loading, wo have the reaction at the left support equal to 76 pounds. The 
stre.sses at the point 20' from left support are; 

Shear = 76 pounds. 

Bending Moment = 76 x 20 foot pounds. 

406. Let it be required to determine maximum shears and bend- 
ing moments in a beam with uniform dead load resting on end 
supports under the action of a single concentrated live load. 

Represent by B’igs. 406A and 406B, the beam with the uniformly 
distributed load as shown. 


Shear.— (Fig. 406A). 

Since the uniformly di.stributod dead load does not change posi- 
tion a.s the live load move.s over the beam, the shear due to dead 
loa<l is fixed for the section and is represented by the lino “S,. for 
dead load". It is thus evident that the maximum shear at any sec- 
tion will be dependent upon the position of the live load which will 
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give the maximuin shear at the section. From pai'agraph 404, the 
maximum shear at a section occurs when the live load is at the 
section. Hence, since the sign is the same as that of the shear for 
the dead load, it is necessary only to add the two in order to obtain 
tho maximum total shear for the section. 

Therefore, if a coucenfrufed lire load jxocc.s orrr a lotifonnly 
loaded beam, the i^hear at any section of the beam dite. to liee and 
dead loads will be •ntinierically yreatest when the Uee load is at 
the section. 



Similarly, since the maximum .shear i.s at the supports for both 
live and dead loads .separately, it will be there for their sum. 

Therefore, if a eoneentrated live had moves over a uniformly 
loaded beam, the shear due. to live, and dead loads is a maximum 
at the supports; this oerur.s when the. live, load is at the. supports. 

Bending Moment. — (Pig. 406B), 

Since this uniformly distriliuted dead load docs not change posi- 
tion in any way as the live load moves ovisr the beam, its bending 
moment is represented by th(< curve '*Mf for dead had" in the 
figure. Prom this it i,s evident that, due to <i«ad louii alone, the 
bonding moment at any section is a fixed quantity regardless of the 
live load. Hence, the greatest bonding moment at a st*fticm due to 
both live and dead loads will be when the bending moment tlue to 
live load is greatest ; and from paragraph 404 this is when the live 
load is at the section, (See Pig. 406B.) 

Therefore, if a eonmntrated live load moeen over a uniformly 
loaded beam, the bemling mom.ent at any section of the, beam dne 
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to live and dead loads will be numerically greatest when the load 
is at the section. 

Similarly, since the maximum bending moment is at the middle 
point for both live and dead loads separately, it will be there for 
their sum, (See Fig. 406B.) 



Therefore, if a concentrated live load moves over a uniformly 
loaded beam, the bending moment due to live and dead loads is a 
maximum at the middle of the beam; this occurs when the live load 
at the 'middle of the beam. 

407. Problem. — concentrated load of 1200 pounds rolls over a beam 00' 
lo^^ 2 :, resting on end supports and carrying a dead load of 40 pounds per linear 
foot. Find the maximum shear and bending moment. 

— From paragraph 40G, we know that the maximum shear is at the 
supports when the live load is at the supports. Taking the left support, 

90X40 

R' under this condition := -j- 1200 = 3000 (407A) 

2 

= 3000 pounds (407B) 

From paragraph 406, ^ we know that the maximum bending moment is at the 
middle of the beam when the live load is at the middle, 

90x40 1200 

under this condition = ( 2400 (407C) 

2 2 

Working from left, 

46 

Mfni at middle point 2400 X 45 40 X 46 X (407D) 

2 


5S 67,600 foot pounds 
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408. From the preceding discussions, it is known (1) that the 
sign of the shearing stress due to a concentrated load changes at 
the load from positive to negative ; (2) that the sign of the shearing 
stress due to a uniformly distributed load changes at the middle 
point. From this, it is evident that between the concentrated load 
and the middle point, the shcai’ing stress is reduced ami may even 
have its sign changed. This condition exists in the case of a road 
roller, moving over a highway bridge, in which we consider the 
road roller as a live load which may be concentrated at any section, 
and consider the weight of the bridge as a uniformly distributed 
dead load. 


LL 



The change of atres.s in shear is shown in Fig. 408A, in which 
Curve 1)L represents the shear <iuo to dead !<«wL 
Curve LL represents the shear due to live Ioa<l in the position 
shown. 

Curve TL repi’esents the shear due to total k>atl in the position 
shown. 

It is seen that in this case the total .shear changes from positive 
to negative botwcsni the live loa<l and the? center. 

The same result is obtained by u.se of the etjuations of .shear. 
Thus, for any Hcction IwtuuTti O and W, with lirr Imd at. IK. 


wo have 


.V. -ny ('•-') 


(4t)8A) 


in which d equals the distance to the .Hisction and x e<{uals the dis 
tance to the load. 


In the expression, w 




is the shear tine to the <leat.l load. 

h 


If we consider only the part of the beam between O and W, ' > 
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and L > a:; hence both their signs are positive and their sum is 
numerically greater than either. This is shown graphically in the 
figure. 

For any section between W and A, with live load at W, we have 




L 


(408B) 


it will be zero when w 


Since 2 ^ shear due to the dead load is positive. The re- 

/ jj \ 

sultant shear at any section will be positive if w I — n > ^ ; 

/L \ Wx ^ 

( — Z j = — , or when at any section the 

shears due to the dead and live loads are equal and opposite; it will 

Wx 

< , or the shear due to the dead 

Ij 

load is numerically less than the shear due to the live load. This 
is shown graphically in the figure. 

For any section between A and X, we have 


be negative when xo 


a-') 


(4080 

Since < I, both terms of the second member are negative, 

hence the resultant shear at the section is negative and is numeric- 
ally equal to the sum of the shears of the dead and live loads. 
This is shown graphically in the figure. 

Therefore, as seen in the figure and deduced from the equations 
we have the principle that if a concentrated live load tnoves over 
0 . uniformly loaded beam, the dead and live loads shears xoill have 
like signs between the load and nearer support, as xoell as between 
the middle point of the beam and farther sxipport; but xvrtlike signs 
between the load and the middle point. 


40S». I’roblcm. — A concentrated load of 1(50 pounds rolls over a beam 80' 
long, resting on end supports and carrying a dead load of 15 pounds per linear 
foot. Kind the point where the shear duo to both loads i.s zero; that is, changes 
its sign from positive to negative, when the live load is .‘50' from the left 
support. 

Solution. — Using equation 408B, 





Wji! 

Ij 


Working from the left and substituting proper values, we have 


,,/KO KiOX-IO 

H2~V- 80 

1 = 36 ' 
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Application. 

410. This principle is especially applicable in designing trusses 
for highway bridges. As shown in the Chapter on I’ridges, it is 
necessary to introduce counterbraces to take up the reversals of 
stress due to concentrated live loads. 

411. Ill the case of a vehicle with light load on one pair of wheels 

and very heavy load on the other pair of wheels, as with large guns, 
it is desirable to know the position which will give the maximum 
bending moment. ~ 





In Fig. 411A represent the live loads on the two wheels by H" 
and PF", their resultant by F, and their iiending moments by U’ i 
and M"f. 

In the general curve OABK of bending moments due to the two 
live loads, the line AH may be hori'/ontal or may sl<»pe towards A 
or B. 

Hence, the maximum bending moment will be at one of the loatis. 
Therefore, it is necessary only to liinl the positions of the loacls 
when the bending moment at each is a maximum, and then to 
determine which of the resulting maximum beiuilng monuints i« 
the greater. 

(1) For the section at W' we have 


M't’-'R'J'' 


FFl' 

I, 


a 


But 

Hence M'f ~ \ - x'- - ax') 

J/ 

Differentiating with respect to x', we have 
dx' L ^ 


1'=^ L-x' 


(4nA) 

(4UB) 

<4110 


(411D) 
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Making the first differential coefficient equal to zero to obtain the 
maximum M'f, we have 

^ {L — 2x'—a)=Q, or — - (411E) 

Therefore, when W is at a distance of {L—a) /2 from O, M'f is a 
maximum. 

Substituting this value of x' in equation 411B, we have 

= = (411F) 

2 2 

which is the same as the value x’. Hence, when M'f is a maximum, 
;»■' = V, or W' (the greater load) is as far from 0 ns F (the re- 
sultant ) is from X. 

(2) Working from the right support, we have for the bending 


moment at W" 

Ft"1" 

M"t = R"x" = ' 

Jj 

(411G) 

But 


A 

1 

V 

■h 

! 

II 

V 

(411H) 

Hence, 


F 

Mt"= (Lx"- x"^ - bx") 

L 

(4111) 



dM"f F „ „ , , 

^ d ^ r (L-2x"-b) 
dx" L 

(411J) 

Making 

dM"/ 

dx." 

= 0, we have 



X" = (411K) 

2 


Therefore, when W" is at a distance (L~h)/2 from X, M"r is a 
maximum. 

Substituting this value of x" in the value of d" above, we have 
I" -{L—b) /2. Hence, when M"f i.s a maximum, x" = l", or W" 
is as far from X as F is from 0. 

That is, the smaller load is as far from one support as the re- 
sultant is from the other. 

(J?) To determine at which load the bending moment is a maxi- 
mum, we substitute for x' in ecpiation 411A, its value, d', which 
corresponds to 

Fx'V Fl'> 

M /«— -j. ^ 


(411L) 
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Similarly, substitutinji' /" for in equation 41 IG, we have 

FI"- 

, (411 M) 

iJ 

To determine which is the K'l'eaier. V or /", we ki\ew that at their 
points of maximum bending moments 


I' 


I. -a 


and r 


1. h 


(411 N) 


9 *> 

Since the resultant is nearer the greater wm’ght, 11", wo have 


a < h, hcnc‘.e 


Jj—(i L -h 
2 " 2 • 


Hence, {4110) 

That is, the maximum bemling moment is at the gieatt'r weight. 

Combining the two results deduced above, wo have the iirinciplc 
that, if two tau'nixtl concoit ratal lira Inntln more orrr a hram 
ivithout H'cig/ti, rrntinff on two Hnpporix, (hr (Uinijrr nrrtUm 
will hr at tho grralrr load when lhat load in an far from ana 
nnjiliorf. an thr rrniiltaut of the loadn in from thv otln r: that is, 
when the middle of beam is half way heiwt'on greater load and 
re.sullant. 


412. Let it be retjuired to determine .shears and bi'niling moments 
in a beam wilhout weight resting on end supports, under the action 
of a uniformly di.stribufed live load as long as the beam. I> 4 'ter- 
mine also the maxiinnin .stresses at every .sesrtion. 

Uepresent the beam by Kigs. 412A and 41211, with (' as any .sec- 
tion under coiusiderutlon, and with x as the distance from tlu! origin 
to th<! head of tlie live 




.ccoe 


f 

\ 

'I, 

I 

t 

T'“ 

^^4 


Shear*— (See FitJC. 41 2A)* 

There are four eonditionH of Hhear at f*: 




a. Ah head of Ioa<l movoa from O (o ^ . 

b. As head load moves from C to A", Sr Iw { r-- 1 
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c. As tail of load moves 

d. As tail of load moves 


from O to C, Sv=w ^ V 
from C to X, Sv=w 


Since in a and c above, x and x' cannot be greater than I, and in b 
and d above, a; and x' cannot be greater than L and since L/2 > I, 
we find the maximum shear to be in c and d and to be equal to 
w(L 2~-l-\-r-/2L) when the tail of the load is at the section and 
the load covers the greater segment of the beam. 

Therefore, if a uidformly distributed load as long as the beam 
moves over «. beam- irithoiit weight, the live load shear at any sec- 
tion of the, beam will he greatest tVhen the tail of the load is at the 
section and the load covers the greater segment of the beam. 

To find the section having the greatest maximum shear, we take 
the expression for maximum shear at any section w {,L/2—l-\-l-/2L) 
and substitute values to find the maximum shear at any sec- 
tion. The expression is a maximum when Z~0, or when the tail of 
the load is at the left support. Therefore, if a uniformly distrib- 
uted load as long as the beam moves over a beam without weight, 
the live load shear is a maximum at the supports; this occurs when 
the load covers the beam. 


Bending Moment. — (Fig. 412B). 

It is evident that similar expressions will be obtained for the 




mmmm 


.-l... X 

I 


<- 




Fifi. 41-i B 


R" 


bending moments while the head moves on the beam as will be ob- 
tained while the tail moves off the beam ; therefore, only the first 
will be considered. 

a. While the head of the live load moves from O to C, we have 
for bending moment at C 


M/Sit C It' I -wx 


=wxl— 


wxl+ 




wxH 

'2L 


L 

’’ tfti • 

2 2 


■(-;) 


(412A) 
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Since I < L, Mi will be poriilive and will inci'oawc as x increases, 
until X. reaches its maximum value d when we shall have 




(412H) 


t>. While the head of ihe iioe load niorcH front C to X, we have 
for bending moment at C 


Mf at C^m- 




irxl ■ "f (4120 

2 2 /^ 2 


This is a maximum when * ' L, ,wh(‘n we shall have 

(L -/) 


(4120) 


The value of Mf at C is greater in equation 412D than in equa- 
tion 412B. 

Therefore, if a uni for ml if dhtri hided lire load an lonn an the 
beam, moven over a. beam without lociifht, ihe lire load bniditiff 
moTnent at any nection of the beam will be {irentent when the line 
load entirely eovern the beam. 

To find the section having the greatest maximum Iwuuling mo- 
ment, we take equation 4121) for the maximum bemling moment at 
the section at a distance I from the origin of co-ordinates, anti sul»- 
stitute X for I to obtain the equation for the maximum biuuling 
moment at any section at a distance x from the origin. 


Thus 

M, fb- X) 

(412K) 

Differentiating this, 

and placing the first difTei'ential etpial to 0, 

we have 

dM/ wL 

' ■■ ~V)X 

dx 2 

(412F) 


h 

X" 

2 

(412(1) 


lur 

(412II) 


Therefore, if a uniformly dMrihutrd live load atf lany titt the. 
beam moves over a beam witlunit leriyht, ike live load hendmy 
moment is a maximum at the mUldJe point of the beam; this oeeurs 
when the live load covers the entire beam. 
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413. Problem. — Find the maximum bending moment at a point 30' from the 
left support of a 70' beam without weight, if a uniformly distributed live load 
80' long, weighing 22 pounds per foot, rolls across it. 

Solution. — From paragraph 412, we know that the maximum bending mo- 
ment at any section occurs when the live load covers the entire beam. 

22x70 

R' under this condition = = 770 (413 A) 

2 

30 

Mf at 30' point = 770 x SO - 22 x 30 x (413B) 

2 

= 23,100 — 9,900 = 13,200 foot pounds (413C) 

414. Let it be required to determine maximum shears and bend- 
ing moments in a beam with uniform dead load resting on end sup- 
ports, under the action of a uniformly distributed live load as long 
as the beam. 

Let w be dead load and w" be live load per unit of length. 

Shear.— (Fig. 414A). 

There are the same four conditions of shear in this case as were 
considered in paragraph 412 where the beam was without weight. 

a. As head of live load moves from 0 to C, we have 



The first term of the second member is the dead load shear at 
C which is constant for all values of x, and is positive since 
L/2 > i!. The second term is the live load shear at C which in- 
creases numerically as x increases. The resultant shear at C will 



120 


Civil FJnuineerinh. 


therefore docreaso al^^el)l•ait‘ally as .)• incivas(>s, {uul will have its 
greatest value when .f 0, and its hiast vuliu' when .r I. 

b. While the head of the load mores from C to X, we have. 

/) f- «•'(.- I ) MMB) 


The fh’st term of the. stieond HK'niher is the (lead load shear at 
C and is identieal witli the lirst term of the e(iuation -fl-tA. 

The soeond term is the live load slu'ar at (' and iaereases alge- 
braically as .r increase's, since its lirst dilTerential eoelHeitmt is |>(»Ki- 
tive. The result ant. shear will therefore inerease algehraieally as 
X increases, and will have its h'ust value when .r /. and its 
greatest value when .r L, 

c. While the tail of the load mores from O to (\ we have 


''S) 


ilMC’) 


The lirst term of the second member is the dojul load shear at 
C and is identical with its values in the pnvt'ding <*(|uations. The 
secoinl tt'rm is the live load slwar at and since h 2 •/, it is posi- 
tive and increases alg<‘hruically with I’ln* resultant slu-ar at (’ 
then'fore incr(!ases algehraieally with .f% and is least when y 0, 
and grent<(st wlum y I. 

d. While the tail of the load mores from (’ to A”, we have 

.S', o) I i 'J;) Iiwt)) 

The first term of thi' stwond nu'mlau' is tlu* <lejul load shear at. (' 
and is identical with its values in the preceding etiunlions. The 
second term of the K<'cond member is the liver loatl shear at C and 
doenrases algehraicall.v as y increases, since its first (lifferentia! 
co-efficient, is negativ(\ The resultant shtrur at (’ will therefrire dir- 
croasti algehraieally as :r' increasi's, and will la? griratest when y I, 
and least when y L. 

Hence, we see that the resultant shear at C decreases algeljraie- 
ally while the head of the live loa<l moves from O to f it. increases 
algebraically while the head of the load moves from (' to A' and 
while the tall of the live load moves from O to and finally ile- 
creasftfl alg<ibraically while the tail of the live load moves from C to 
X. 

Therefore, if a uniformly diittrilmted Um load morrn ot>vr a nni- 
formly loaded beam rcHting on end supportn, the shear at any »ec- 
tio7t de.eremes while the head of the live load moven from the left 
support to the section, increases while the head moves beyond the 
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section, increases while the tail moves from left support to the 
section, decreases lohile the tail moves beyond the section. 

This result is clearly seen by consideration of the method of trans- 
mitting shear by internal stresses from section to section of the 
beam until it reaches the points of support. Taking each of the 
four cases separately: 

a. As head of load moves from left support to the section', part 
of every unit weight is transmitted through the section to the 
right support with a value equal to wx/L—w, which is negative; 
therefore, the shear already due to the dead load decreases because 
of the live load. 

ft. As head of load moves from section to right support', part 
of every unit weight to the right of the section is transmitted 
through the section to the left support and its value is positive; 
therefore, the shear already due to the live and dead loads is 
increased. 

c. As tail of load moves from left support to the section', part 
of fewer unit weights is transmitted through the section to the 
right support with a negative value as shown in a above ; therefore, 
the shear already due to the live and dead loads is increased. 

d. As tail of load moves from .section to right support', part 
of fewer unit weights is transmitted through the section to the 
left support with the positive value as shown in ft above ; therefore, 
the shear already due to the' live and dead loads is decreased. 

The maximum shear at any section due to live and dead loads is 
greatest when the maximum shear due to the live load has the same 
sign as the shear due to the dead load. This is obtained when the 
tail of the live load is at the section and the load covers the greater 
segment of the beam. 

Therefore, if a uniformly distributed live load moves over a uni- 
formly loaded beam, resting on end supports, the maximum shear 
at any section due to live and dead loads loill he numericallly greatest 
when the tail of the live load is at the section and the load covers 
the greater segment of the beam. 

Similarly, since the maximum shear is at the supports for both 
live and dead loads separately, it will be there for their sum. 

Therefore, Tf a uniformly distributed live load moves over a uni- 
formly loaded beam resting on end supports, the shear due to live 
and dead loads is a maximum at the supports; this occurs when the 
live load covers the entire beam. 

Bending Moment. — (Fig. 4'14B). 

Since the bending moment is a maximum at any section when 
the live load covers the entire beam, and also when the dead load 



122 


Civil Engineering. 


covers the entire beam, it is evident that it is a maximum when 
the live and dead loads entirely cover the beam. (Fig. 414B). 

Therefore, if a uniforml!/ iU.-<i)'ibiiicd lire load morcti orer a anl- 
fomily loaded beam Tctdivci oit end sl(pp()ri^f, the hnidhty moment 
at any section of the beam irill be greatest irheii- the lire toad 
covers the entire beam. 

Similai'ly, the maximum bending moment is at the mitidle sec- 
tion for both the live and dead loads; hence it is at the middle f<w 
both of them. 


Mfm fo r Tl » 

/ s 
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Therefore, if a uniformly (Ustrilmted lire load mores over <i luii- 
family loaded beam resting on end supports, the bniding moment 
is a ■maximum at the eenfer of the beam; this oceurs whni the live 
load covers the entire beam. 

415. Section of Zero Shear. — From the above distmssifms, it; is 
seen that as the uniformly distributed live load move.H over the 
beam, the signs of this lives an<l dead l(«id shears are different l)e- 
tween the middle of the beam and the h(*ad (or tail) of the live lt*ad. 
In each of the four case-s abijve, there is a section where the shear 
is zero, calle<l the “section of zero shear”. 

By placing S„- -0 in ctumtions 414A, 414B, 4140, 4141), the setv 
tion may be determined ({letluetion omitted) where the shear due 
to live load etiuals that due to deatl load, producing zt»ro shear. 

As head of the live load moves from O t<» X. the section «»f zero 
shear moves from the mldtile and mttets it at some point between 
0 and the middle, whose distance from O <lepends upon the ratio 
w/iv'; it then moves back to the middle point of the beam. 

In a similar manner it is shown that while the tail of the load 
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moves from O to X, the section of zero shear moves to a corre- 
sponding point between the middle and X, which it reaches simul- 
taneously with the tail of the live load ; it then moves back to the 
middle point. 

Application. 

416. The section of zero shear and the consequent change of 
sign of shear are specially considered in designing trusses for 
bridges. As shown in the Chapter on Bridges, it is necessary to 
introduce many counterbraces near the center of these bridges 
to take up the reversals in stress in the members which transmit 
the shear due to a uniformly distributed live load such as a rail- 
way train. 


PROBLEMS. 

P. 401. A wheel, supporting 10 tons, rolls over a beam of 20' span. Place 
the wheel in such a position as to give the maximum bending moment. Find 
its value. 

P. 402. A beam, 20' long, without weight, rests on end supports. Over it 
moves a single concentrated load of 50 pounds. Section C is 4' from the left 
hand support. (Units in pounds and foot-pounds). 

(a) Find the maximum bending moment at C. 

(b) Find the value and location of the maximum bending moment of the 
entire beam. 

(c) Same, for the minimum bending moment. 

(d) Find maximum and minimum shear at C. 

(e) Find the value and location of the maximum shear of the entire beam: 
1st, numerical; 2d, algebraic. Same for minimum shear. 

(f) Write equation and draw curve showing bending moment at section 
under load as load moves across beam. 

(g) Write equations and draw curves showing shear; 1st, at first section at 
elementary distance to left of load as load moves across beam; 2d, at first 
section at elementary distance to right of load as load moves across beam. 

P. 403. A single concentrated load of 1,000 pounds moves over a steel beam, 
20' long, whose section modulus is 173.9 (inches'*). What is the maximum 
fiber stress in the section 5' from the end? What is the maximum fiber 
stress in the beam? Neglect weight of beam. 

P. 404. A conccntratcHl live load of 100 pounds has rolled over a beam 100' 
long, resting on end supports and carrying a dead load of 6 pounds per lineal 
foot. 

(a) What was the greatest bending moment which occurred at the section 
25' from the left hand support? 

(b) What was the greatest bending moment which occurred in the beam? 

P. 405. A concentrated live load of 100 pounds has rolled over a beam 100' 
long, resting on end supports and weighing 5 pounds per lineal foot Find 
the e<iuation of and plot the curve whose ordinate at any point shall be the 
maximum bending moment which occurre<l at that point. 

P. 406. A concentrated live load of 4,000 pounds moves over a beam 80' long, 
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restinj*: on end supports and carr^yin^* a uniformly distributed dead load of *10 
pounds per lineal foot. 

(a) Find the numerical maximum bendin,tc moment at the section IG' from 
the ri^j^ht Iiand support. 

(b) Find the numerical maximum shear at the st'ction HV from tin* rij^ht 
hand support. 

(c) Kind the numerical maximum !>endiiiK moment, in tiu^ beam. 

(d) Find the numerical maximum shear in the beam. 

P. ‘107. A beam is -ID' lonp; hcdwiam taipptiris and earrii s a weij^ht of eOO 
pounds per lineal foot. A eonceuiratetl liv(‘ load of 111,000 pouiuls movt‘s from 
left to rip^hl. Draw curves of shear and bemliin.c moment due {■> dead b»ad, 
and curves which will enable shear ami hendinit numuuit due to total loads to 
be det<o’nun<‘d at all points of the beam. What and wioM't* an* maxinnim 
shear anti bendinjr monuoitV 

P. -108. ITow heavy a man can .safely crt»ss a 12'* by 112" plank laitl flat across 
u span of IH'V Nej>:lcct wei^ld of plank, 

P. 400. A c<)nc(‘ntrat<‘d load of 5,000 pounds moves across a D)*' 25 |)ound 
steel I-beam resting: tm eml supports IlO* apart. What is tlu‘ faetor of safety 
in flexure V Treat wtdfyht of beam us dejul load. Section motiuhi '. i;- 21.1". 

P. 410. A road-rolI(‘r, 8' hetwi'im front and rear axles, passi's <»ver a brid^** 
whose floor is supported by 4 steel I*beums 24' Ion>r. Thi» weij^tht on front 
wheels is 4 tons, and on rear wdieels is 12 tons. Select tin* I beams, from the 
Handbook, in ord(*r that the load may bf» saf<*ly bmaie. Assume that 
one 1-beani takes half the wei|tbl of the roller. Nejtbrt wei^rht of flt*ur and 
I-beams. 

P. 111. Two wheels, 4' apart, each support imt 7 tons, roll over a beam of 
7-1/2' span. Kind lh(‘ maximum hendinjr immient for the wdude span, and 
also thc 2 curv«* of the maximum bendiim moment at each point. 

P. 412. Two wheels, 5' apart, supportim? the one 4 ti»its am! the other 8 tons, 
travel over a beam of 24' span, 

(n) Kind the maximum h<*ndinjt moment for the whole span. 

(h) Write ettuation ami draw the sliuth* curve of maximum numerical shear- 
iuK fure<% positive or negatives at any point. 

(e) Write iHimiUm and draw curve of the niaximuni hciidimr moment at any 
point. 

P. 41?L Two wheels, 4' apart and each support iiut 7 tons, roll over n beam 
of 8' span. Find the maximum hendinj^ moment for the wh<de span, and the 
position of th(^ loud w'hich ivwa it. Kind also the maximum shenr in the beam, 
and the position of the lotul which pfives it,, 

P. 414. Tn what positions will a loaded vva^ron <»f H' h**tween axles pnaliice 
tho maximum shear and hemiint^ moment in the joists of n hrid^re 15* lonp^l 
What will he the value of thest^ streiw^ea (ahitar and hendinp: moment )» usaun*- 
ing each wheel to carry t/4 of the loml of the wagon t 

P. 415. A car carrying a load of 14 tons (1 ton .- 2,000 pounda), rolls ovm- a 
eimple bridge made of two beam#, each H* long, with plattka laid aeroaa them. 
Each wheel of the car la aaaumed to carry one-f(»urth of the loud. The axles 
are 4' apart. In order to carry tho loml anfely, conaidering bending Hltme, 
how wide must tho beams bo if they arc 12'* deep? Koglcet weight of bridgo. 
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P. 416. A beam, 100' long, resting- on end supports, weighs 10 pounds per 
lineal foot and carries a uniformly distributed live load of 20 pounds per lineal 
foot whose length is greater than that of the beam. 

(a) Show position of live load to produce maximum bending moment at 
Section 10' from left hand support. 

(b) Find bonding moment at this section. 

(c) Show position of live load to produce maximum bending moment in beam. 

(d) Find maximum bending moment in beam. 

P, 417. A beam, 60' long, resting on end supports, carries a dead load of 30 
pounds per lineal foot, A live load, longer than the beam and weighing 120 
pounds per lineal foot, crosses the bridge. 

(a) Find the numerical maximum bending moment at section 10' from right 
support. 

(b) Find numerical maximum shear at section 10' from right support. 

(c) Find numerical maximum bending moment in beam. 

(d) Find numerical maximum shear in beam. 

P. 418. A beam 100' long, resting on end supports, carries a uniform dead 
load of 10 pounds per lineal foot. A uniform live load of 20 pounds per 
lineal foot, whose length exceeds that of the beam, passes over the beam. 

(a) Find the greatest bending moment produced at the section 10' from the 
left support. Show by figure the positions of the loads which produce it. 

(b) Find the maximum bending moment which occurs in the beam. Show 
by a figure the positions of the loads which produce it, and the section of the 
beam at which it occurs. 

(c) Find the numerical maximum value of the shear at a point 10' from the 
left hand support. Show by a figure the positions of the loads which produce 
it, and draw the lines of dead load shear, live load shear, and total shear with 
the loads in this position. 

P. 419. A beam 20' long, without weight, rests on end supports. Over this 
beam moves a uniformly distributed load of 15 pounds per lineal foot and 20' 
long. Section C is 4' from the loft hand support; section C' is 16' from the 
left hand support. (Units in pounds and foot-pounds). 

(a) Find the maximum bending moment at C. 

(b) Find the maximum and minimum bending moments of the entire beam. 

(c) Find th<‘ numerical and algebraic maximum and minimum shear at C. 

(d) Find the numcudeal and algebraic maximum and minimum shear of the 
entire 

(e) When the head of the load is at C' ; write equation and draw curve of 
bending moment, 

(f) Same, for shear, 

(g) When the tail of the load is at O'" ; write equation and draw curve of 
bending moment. 

(h) Same, for shear. 

P, 420. A uniformly distributed live load of 180 pounds per square foot 
moves over a bridge whose roadway is 46' wide. The floor is supported by 4 
I-beam stringers spaced 15' 4" center to center each 18' long. Select the 
proper stringers from the Handbook. Assume that the floor and stringers 
weigh 25 pounds per square foot. 
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P, 421, If a uniform live load, ^shorlor than Iho beam upon which it. moves, 
passes over a driven section, prove that the bendiriK moment at tiiat section 
is a maximum when that section tlivides the load into sep:ments whost^ hm^^ths 
are proportional to the lcn,c:ths of the s(‘p:monts of the l>eam on eitht^r sid<‘ of 
the section. 

P, 422. A beam is 40' lonji: between supports on which its ends n‘st. A live 
load, 10' in length, rolls over it. Kind the position of this h»ad whicli will 
make the bending moment a maximum at the ptdnt la' from one imd t»f tlu^ 
beam. Determine the valiu' of this maximum bending moment. XegU'ct 
the moment due to dead load, 

P, 42JL A beam 100' long, resting tm end supports, carries a uniform <ieati 
load of 10 pounds per lin(*al foot. A concent rat livt^ load of 200 pcauals 
passes over the beam. Kind the iiunu‘rical maximum shear produce<l in the 
beam. Show by a ligure the position (»f th<‘ loads which produin* this sh«*ar, 
and draw the liru*s of dead load shear, ami ttdal shear with the loads in this 
position. 

P. 424. Fig. P. 421 represtmis a beam without wedght earryiitg a eon., 
centrated live loud. PQRS is th(‘ lim* of .shear when the live bmd i,v at section 7\ 

/>j 
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(n) Draw the locus <»f the point Q as th<* live load pas:a*s over the 
Draw the locus of the point R n« the live louil pH«ae« over the lH»ain. 

(b) What is the vertical distance between these lint^s (ItH’il? 

(c) Assuming these loei, draw the line of shear when the live load i« at Af. 

(d) What position of Uk* live load will give the nuixinuim rdiear at X? Is 
this the algcdiraic or nunu'ricnl tnuxhnuiu ? 

(<*) Wlmt position <*f the live load will give tlie inaxiimini shear at .1/? 
Is this the algebraic or numerical tnnxitnum ? 

(f) What position of ih<‘ live load will give the least algebraic shear at 

P. 425. A concentrated live loud of 2,<l0n |H)unds ndls twer a beam which is 
24' long, supported at Uu*. ends, and carrying a uniformly disirihutHl dead haul 
of 200 pounds per lineal foot? What is lh»* greatest vertical shiw in tho 
beam and where is it? What is the greatest vt*rlicnl shear at a section 5' 
from the end? 

In the above problem, tlnd the farthest ludnt from the middle of the beam 
where the vertical shear, due to dead and live bmd, is VA^n*, 

P, 420. A roIUal joist, weighing 150 jwunds pi*r lineal fimt and 20' long, 
carries a uniformly distrlbuM dead load of 0,000 lamnds. Two whe#ds, f/ 
apart, the one bearing 5,000 pounds and the other 3,000 famnds, roll over the 
Joist Find tho maximum shear at the supports, at the miter, and at T/ from 
otuh 
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P. 427. A railway girder, 50' in the clear, carries a uniformly distributed 
dead load of 50 tons. Find the maximum shear at 20' from the end when a 
train weighing 1-1/4 tons per lineal foot crosses the ^rder. Find the maxi- 
mum shear at 10' from the end. The live load is long enough to cover the 
entire bridge. 

P. 428. A railway girder, 40' in the clear and 5' deep, carries a uniformly 
distributed load of 40 tons. Find the maximum shearing stress at 15' from one 
end when a train weighing 1-1/4 tons per line^ foot crosses the girder. Also 
find the minimum theoretical thickness of the web at a support, 4 tons being 
the safe shearing stress per square inch of the metal. 

P, 429. A beam 100' long, resting on end supports, weighs 5 pounds per 
lineal foot and carries a concentrated live load of 100 pounds. When the live 
load is 25' from the left hand support, find graphically the point of zero shear 
in the beam. 

P. 430. A uniformly distributed live load of 200 pounds per lineal foot moves 
over a beam 20' long, supported at the ends, which bears 75 pounds dead load 
per lineal foot. Find the greatest shear at the section 5' from the end. 

In the above problem find the point in the beam where the section of zero 
vertical shear is farthest from the middle of the beam. 

P. 431. Find the position of maximum bending moment on a beam without 
weight resting on two supports, if two equal concentrated live loads move 
over it, the distance apart of the live loads being less than the length of the 
beam. Use the nomenclature of Fig. 411A. 



CHAPTER V. 

PRESSURE AND FLOW OF WATER. 

501. In designing systems of water supply and sewerage, and in 
calculations for cross-sections for dams, it is necessary to know not 
only the laws governing the stresses and actions of solids but also 
the laws governing the pressure and flow of water. 

, 502. Physical Properties. — ^Water is classified as a fluid, because 
it does not resist a change of form when under the action of a 
distorting force ; it is usually classed as a perfect fluid because it 
changes form immediately upon coming under the action of the 
distorting force, whereas a viscous fluid changes form slowly. 

503. The weight of water at its maximum density is 62.428 
pounds per cubic foot. Above 4°C, it expands with increase of tem- 
perature, but this expansion is so little, being about 1 '/<< for each 50 
degrees, that it is not generally considered; and for all practical 
purposes, the weight of water is taken as 62.5 pounds per cubic 
foot. Below 4°C, water expands until it freezes at 0°C, at which 
point it increases in volume about 1/12 and can exert a pressure 
of about 30,000 pounds per square inch in a water pipe one inch 
in diameter. 

504. The quantity of water is expressed either in units of volume 
or in units of capacity. In the United States the unit of volume is 
the cubic foot ; where the metric system is used, the unit is the cubic 
meter. Tn the United States the unit of capacity is the standard 
gallon, which contains 231 cubic inches ; where the metric system 
is used it is the liter, containing 0.264 standard gallons, or the 
dekaliter, containing 2.64 gallons. 

1 cubic foot = 7.4805 standard gallons = 62.5 pounds. 

1 standard gallon = 0.1337 cubic feet = 8.356 pounds. 

505. Water is considered in civil engineering as incompressible. 
Actually, under great pressure, as in gun construction, it is re- 
duced in volume by 30% to 40%. In civil engineering work the 
change of volume is so small that it is neglected in all practical 
problems of design. 


STATIC PRINCIPLES. 

506. Certain principles have been determined concerning the 
action of water. These principles are stated below; they are deter- 
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mined by experiments, and by deductions arising from results ob- 
tained from these experiments. They are the basis for the theory 
and practice of engineering construction requiring consideration 
of the pressure and flow of water. 

507. Every molecule of still water is subjected to equcd pressure 
from all directions. It is assumed that the molecule has no weight 
and there is no cohesion between the molecules, and that the 
molecules move without friction. This assumption is not strictly cor-' 
rect, since the molecule has some weight and there is some cohesion 
between the molecules but these are so little that they are neglected. 
Accepting the above assumptions, it is evident that the pressure 
on each molecule must be the same in all directions, as otherwise 
it would move. Considering the weight of the molecule the pres- 
sure on its lower surface equals the pressure on its upper surface, 
plus its weight. 

508. The upper or free surface of still water is horizontal; that 
is, normal to the action line of the force of gravity. 

Taking each molecule as a “free body”, it is evident that the 
separate water pressures on its opposite sides must be equal and 
balance each other. Also, since the pressure is equal from all 
directions, it is evident that the areas on the sides where adjacent 
molecules are in contact with the molecule under consideration 
must all be equal. If this were not so the molecule would move. 
Therefore, the separate molecules form a surface which is horiz- 
ontal, or normal to the action lines of gravity. 

509. If there is motion on the surface, it is due to the action of 
a force whose action line is not vertical, or is due to the fact that 
the surface is not horizontal. The motion in the first case may be 
caused by the action of an extraneous force, such as wind, which 
upsets the equilibrium of the molecules and causes them to move. 
The motion in the second case is caused by the differences in sur- 
faces of contact on the sides of each molecule, there being more 
pressure coming from the higher side where there is more surface 
in contact, causing the molecule to move in the direction of the 
lower side. 

510. The unit pressure on each molecule of a body of still water 
varies directly with its depth below the free surface. 

Since it is assumed that there is neither cohesion nor friction, 
the water pressure on the upper surface of a molecule is due to 
the weight of the molecules above it. As these are incompressible 
and of equal weight per unit of depth, the pressure on the upper 
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surface of the molecule must be proportional to its depth. The 
pressure on its lower surface must be the same, plus the weight of 
the molecule itself which is disregarded ; and the pressure from the 
sides must also be the same, as shown in paragraph 507. 

511. Expressing this principle in an equation, we have 

(to K 

p = 62.5 h and p' = h (511A) 

144 

in which p = pressure in pounds per square foot, p' = pressure in 
pounds per square inch, and h = depth in feet, called the head, 
pressure head, or pressure. 

If the weight or pressure of the atmosphere which rests on the 
water be added, the total unit pressure will be p+Pa or p'-^p'a, in 
which Pa, and p'a, are the pressures of the atmosphere in pounds 
per square foot and square inch. At sea level, the pressure of the 
atmosphere equals 2112 pounds per square foot or 14.7 pounds per 
square inch. 

512. This principle is used in determining the height to which 
water will rise in a vacuum. Thus, since the weight of the column 
of water in the vacuum must equal the atmospheric pressure, v'e 
have 

14.7 = ^^ - A (512A) 

144 

Thence, A = 34 feet, approx. (512B) 



Fid. 513 A 

513. The siphon (Fig. 513A) is based on this principle. Dis- 
regarding friction in the pipe, it is necessary only that h be less 
than 34 feet and that the pipe be emptied of air, or rather filled 
with water. The pressure of the atmosphere will then force the 
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water to the top of the curve in the pipe, and the difference of 
weights of the two columns of water in the pipe will cause flow from 
the higher surface to the lower until the two reach the same level. 

514. Problem . — A vessel 20' long by 10' wide by 12' high is full of water 
and is to be emptied by a siphon into a vessel 8' long by 5' wide by 65' high. 
How much below the bottom of the first vessel must be the bottom of the 
second vessel? Disregard the small quantity of water in the siphon. 

Solution. — ^When all of the water is in the second vessel, it will be 60' deep. 
Therefore, the bottom of the second vessel must be 60' below the bottom of 
the first; otherwise the water will cease to run in the siphon before the first 
vessel is emptied. 

515. The pressure of still water is, at every point, normal to the 
surface pressed. 

This principle follows from the hypothesis that there is no fric- 
tion or cohesion between the molecules. Assuming that the force 
of pressure acts obliquely to the surface pressed, then because of 
lack of friction, its component not normal to the surface would 
move the molecule. But it does not move the molecule, as shown 
by the fact that the water is still. Therefore, the pressure is normal 
to the surface pressed, as stated in the principle above. 

516. The pressures on the elementary areas of a plane surface 
will form a system of parallel forces whose resultant can be re- 
presented by a single force. The pressure on the elementary areas 
of a curved surface will in general form a system of non-parallel 
forces which cannot be represented by a single force ; such pressures 
can, however, be so represented in pipes and spheres. 

517. To find the force tending to tear 
apart a section of pipe under equal pressure 
throughout, assume a section of the pipe as 
shown in Fig. 517A. Taking the left half of 
the pipe as a “free body” and considering the 
forces necessary to maintain equilibrium, we 
know that the pressure on this half of the 
pipe must equal the two tensile forces, T and 
T'. Assuming p as the force on a unit of in- 
terior surface, and resolving it into compo- 
nents normal and parallel to T and T', we 
have 

Pressure on an elementary area = pdA 
Pressure normal to T and T' = p sin a dA 
Pressure parallel to T and T' = p cos a dA 

(517A) 
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The normal components of the pressures on all the areas balance 
each other, and need not be considered. The total force parallel 
to T and T' must be equal to their sum, therefore 


r + T' = p 2 cos a dA (517B) 

As, p 2 cos a dA = pD, for unit length of pipe with 

diameter = D, 

we obtain T + T'=pD; ditto (517C) 


For a pipe of length I, we have 

T + r = pDl (517D) 

518. The total water pressure on any immersed plane surface 
is equal to the weight of a prism of water, tvhose base is the area 
under pressure, and whose height is the depth of the center of 
gravity of the surface. 




Fig. ,‘>19 A 


This is evidently true for a plane surface immersed in a hori- 
zontal position. To prove it for an inclined surface, represent by 
Fig. 518A the immersed plane surface, making the angle a with 
the vertical. 

Considering the elementary area, dA, and remembering that the 
unit pressure varies directly with its depth below the surface, we 
have 

dp = 62.5 MA (518A) 

For the total pressure, p, we have 

p = / 62.5 X cos adA 
= 62.5 cos tf/a^A (518B) 

The integral of xdA is the moment of the whole area around 
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XY as an axis and equals A multiplied by the distance Irom the 
axis to the center of gravity of the area. Substituting, we have 

p = 62.5 cos a XoA (518C) 

But Xo COS a = ho (518D) 

Hence, p = 62.5 Aho (518E) 


519. In design of dams, calculations are simpler if the normal 
pressure is resolved into its horizontal and vertical components. 

If, instead of the immersed plane, we take the side of a dam 
(Fig. 519A) holding h feet of water (=2fe„ feet in this case) we 


have, from equation 518 E, 

Horizontal component oi p = 62.5 A * cos a (519A) 

Vertical component of p = 62.5 A sin a (519B) 

For one linear foot of the dam, we know that 

A = 1 X (B19C) 

Hence, for one linear foot of the dam, we have 

Horizontal component of 35=62.5 g (519D) 

Vertical component of p = 62.5 ^ tan a = weight of one linear 

foot of the triangular prism of water between the dam 

and the surface. (519E) 


520. The resultant water pressure on a plane area acts at the 
center of percussion of the area with respect to the axis formed 
by the line of intersection of the plane area and the surface of 
the water. 

The elementary pressures form a system of parallel forces, per- 
pendicular to the plane area. Their resultant is parallel to the 
elementary pressures and acts on the plane area at a point called 
the center of pressure. 

As the pressures increase uniformly from zero at the surface, 
it is seen that if there were no reactions opposite to the water 
pressures the plane area would rotate about its line of intersection 
with th6 surface. This line is the spontaneous axis, and the center 
of pressure becomes the center of percussion. 

The distance of the center of percussion from its spontaneous 
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axis (Fig. 520A) is obtained from the following equation derived 
from Mechanics: 


_7 

AV~ V 


(520A) 


in which L 


I' 


I 

AV 

r 


distance of center of percussion from the sponta- 
neous axis; 

distance of center of gravity of area from the same 
line; 

moment of inertia of area about the same line; 
moment of area about the same line ; 
radius of gyration of the plane area about an axis 
through its center of gravity parallel to its sponta- 
neous axis. 



The value of V and A for any plane area can easily be deter- 
mined from the conditions, and the values of r and I are given in 
engineering manuals. By substituting, the value of L can be 
determined. 

521. The center of pressure of a rectangular plane area whose 
upper edge lies in the surface is two-thirds the depth of its lower 
edge below the surface. 

Representing the plane area by PQ in Fig. 520A, we have 


A^hl 

(b21A) 

“12 

(521B) 

V—- 

i-2 

(621C) 
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Substituting in equation 520A, we obtain 


L = 


12 




V 


P P 

12 '^ 4 2 

1 ~ 3 

2 


(521D) 


As the depth at a point two-thirds of I from upper edge is the 
depth at a point two-thirds of the depth of the lower edge, the 
principle is proven. 

This is the principle which is used in calculating the overturning 
effect of the water pressure on dams. See Fig. 519A. 



622. Problem. — A water-way is closed by a gate as shown in Fig. 522A. It 
is opened by a windlass as shown. The gate is 8' wide. Find the horizontal 
component of the tension on the cable necessary to open the gate with the 
water 12' high as shown. 

Solution. — ^From paragraph 619, we have, by considering 1' width of gate, 

Horizontal component of pressure on 1' width = 62.5AV2 x 12 X 
12/2 = 4600 pounds (522 A) 

Horizontal component of pressure on 8' width = 4600 x 8 = 36,000 
pounds (622B) 

The center of this pressure is 2/3 of the depth of water, which is 8' below 
the surface and 11' from the hinges. The lever arm of the cable is 15'. 
Equating the two moments, we have 

Horizontal component of tension on cable X 16 = 36,000 X 11 (622C) 

Hence, horizontal component of tension on cable = 26,400 pounds (522D) 

523. If a pressure is applied on any unit area of surface of water 
filling a closed vessel, this pressure is transmitted equally to all 
other unit areas within or at the surface of the water. This prin- 
ciple results from the incompressibility of water and the lack of 
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friction between its particles. It is the principle used in the hy- 
draulic jack, where strong unit pressure on a small area is trans- 
mitted as equal unit pressure to a large area and becomes a very 
large pressure on this large area. In Fig. 523A, the unit pressure 
downward on p is transmitted with equal unit pressure to lift the 
weight W. Thus if p has an area one-fourth of W, it can lift the 
weight W with the same unit pressure but requires only one-fourth 
the total pressure. It is to be noted, however, that the work per- 
formed by p in moving over its path must equal that pei'formed by 
W in moving over its path. That is, since p has an area one-fourth 
of w, it must move over a path four times the length of the path of 
W. 


(o) I n^e 

P 


w-i 



Fi^. , 55,7 J 


.524. Problem. — In Fig. 523A, the total pressure on p is 300 ))(mnds, and the 
relative diameters are C" for p and 18" for W. What weight can bo lifted ? 

Solution. — 

Area of p : Area of W : : a3* ; (524A) 

. « ™ i":?! X area of « „ . 

Area of TP = = 9 X area of p (524B) 

aO 

Pressure = 9 X 300 = 2700 pounds (524C) 

525. Every body in water is subjected to a vertical upward 
pressure equal to the weight of toater displaced. This is the prin- 
ciple of Archimedes. The upward pressure is called the buoyancy 
of water. 

This buoyancy is evident from the principle that the unit pressure 
varies with the depth below the surface, and (paragraph 611) 
equals the weight of the water above it. Take any elementary 
vertical prism of the body with its upper surface h feet below the 
surface and its' lower surface h' feet below it : 

Then, pressure on upper surface = 62.6 h 
pressure on lower surface -- 62.6 k' 

Resultant upward pressure = 62.5 (h' — h), which is the weight 
of the column of water displaced by the elementary vertical prism. 

A solid lighter than water will therefore displace its weight of 
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water because when body floats (in equilibrium) the downward 
pressure (weight of solid) equals upward pressure (weight of 
water displaced) . A solid heavier than water will lose in weight an 
amount equal to the weight of an equal volume of water. 

626. Problem. — In air, one cubic foot of concrete weighs 150 pounds, and 
cast iron weighs 3 times as much. What are their relative weights in water ? 

Solution. — In water, each is buoyed up by the water with a force equal to 
62.5 pounds, the weight of a cubic foot of water. Then, 

Weight of concrete in water : Weight of cast iron in water : : 150 — 62.5 : 

460 — 62.5 : : 87.5 : 387.5. 

Pressure in Pipes and Spheres. 

527. Pipes. — If we consider a pipe filled with water to be divided 
into two equal parts by a plane through its axis, it is evident that 
the water pressure on one half will be equal and opposite to the 
water pressure on the other half. These equal pressures tend 
to tear the pipe into two equal parts along two rectilinear elements 
in which the axial plane intersects the pipe. (See Fig. 517A.) 
From equation 517D, the total force tending to tear the pipe apart 
equals the unit pressure multiplied by the area of the plane of cross- 
section through the axis = pDl, This force is prevented from 
tearing the pipe apart by the tensile strength of the two thick- 
nesses of metal on opposite sides of the pipe. 

Hence, if Z = length of pipe ; 

D = interior diameter of the pipe; 
t = thickness of pipe ; 

We have. Area of plane of cross-section of water = Dl, 

and Metal holding pipe together = 2tl. 

Hence, pDl = 2sttl (527A) 

Solving, we obtain for the thickness of pipe 

^=1?, (527B) 

528. Hollow Spheres. — In a sphere filled with water under pres- 
sure, the ring of metal considered as taking the tensile stress is 
one between two concentric circumferences cut from the sphere 
by a plane of a great circle. 

If r = radius of interior of sphere, 
t = thickness of metal, 

We have. Area of plane of cross-section of water = jtr= 

and Metal holding sphere together = 3T(r+i)®— ar® 



138 


Civil Engineering. 


Hence, p%r^ = Sj[jt(r+i)^ — 3 tr“] = s«jt(2ri+t®) (528A) 

If t is very small in comparison with r, the value may be 
omitted, and we have 

2stt = pr (528B) 

■ Solving, we obtain for the thickness of sphere 

i=g- (528C) 

529. Problem. — ^What should be the thickness of metal of an 8" cast iron 
■water main to resist safely a ■water pressure of 300 pounds per square inch? 

Solution. — The allowable tensile strength of cast iron is 3,000 pounds. Sub- 
stituting proper values in equation 527B, we have 

jpB _ 3 00X8 _ 8 ^ 

~”2a, ~ 2 X3000 “ 20 “ ’ 


FLOW OF WATER IN CLOSED CHANNELS. 
Discharge Through Orifices. 

530. An orifice is an opening in the side of a vessel containing 
water. The stream of water which issues from an orifice is called 
a jet. 

531. The theoretical velocity of water flowing through an orifice 
is equal to the velocity acquired by a body falling freely in vacuo 
through a distance equal to the head on the orifice. This is Torri- 
celli’s Theorem, and is expressed by the equation 

V= V2gH (531A) 

in which H is the head to the center of the orifice. 

The theoretical discharge, Q, is equal to the area of the orifice, 
A, multiplied by the velocity. That is, 

Q = AV = AV 2gH (631B) 



Fii. 531 
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If the side of the vessel is thin and the orifice is not near the 
bottom or a side (Fig. 531 A) the actual form of the jet is as shown. 
By experiments, it is found that the actual V is about 0.97 the 
theoretical V, and the actual A of the jet is about 0.64 the A of the 
orifice. Therefore, the actual discharge is expressed by the 
equation 

Q = 0.97 X 0.64 A V2W= 0.62 A VWH (531C) 

532. Short Tubes. — Short tubes inserted into orifices are of two 
kinds : (1) re-entrant, where the tube projects into the vessel and 
has its outer end fiush with the outer face of the vessel ; (2) pro- 
jecting, where the inner surface is flush with the inner face of 
the vessel. 

The Borda tube (Fig. 531C) is a cylindrical re-entrant tube so 
short that the jet passes through the tube without coming into 
contact with its sides. Its discharge is less than that of any other 
form, due to the crowding of the molecules seeking entrance. The 
formula of discharge for a Borda tube is 

Q = 0.6 AV = 0.5 A VWS (532A) 

The standard tube (Fig. 531D) is a projecting cylindrical tube, of 
length such that the jet expands before it leaves the tube so as to 
completely fill the cross-section at the outlet. The actual contrac- 
tion is therefore nothing, A of the jet = A of the tube, and the co- 
efficient of discharge must be equal to the coefficient of velocity. 
By actual measurement this coefficient has been found to be 0.82. 
The increase in the discharge over that through a simple orifice is 
explained by the reduction of back pressure due to the formation 
of a vacuum in the tube at the point where the jet is contracted. 
This vacuum is caused by the rushing water carrying with it the 
confined air. 

The formula for the standard tube is, therefore 

Q = 0.82 AV = 0.82 A V2^ (532B) 


533. Miner’s Inch. — The miner’s inch (Fig. 533A) is a unit of 
measurement of discharge of water, largely 



Fig. 538 A 


used in the western mining states where more 
accurate devices are not available. It is the 
discharge in a unit of time (usually taken as 
one second) through an orifice, 1" square, 
under a head usually of 6" above center 
of orifice. Substituting these values in 
equation 531C, reducing all units to feet, we 


have 
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Q= 0.62 X 144 V ^ ^ ^ ® "" 0.0244 cubic feet sec. 

(533A) 

The above formula is derived from the formula (531C) based 
on the hypothesis that the orifice is in a thin plate. In actual 
practice, the sides of this miner’s inch orifice are boards about an 
inch thick ; therefore, the formula is based on the wrong hypothesis, 
and a coefficient of 0.72 is more nearly correct than 0.62. 

534. The practical method of measuring the miner’s inch is 
shown in the figure. The shutter. A, is moved backward and for- 
ward to maintain the discharge through the opening such that 
the level of the water, the head of the water, is maintained at 6" 
above the center of the orifice. The width of the opening is then 
read off on the scale, showing the number of miner's inches being 
discharged. 

Discharge Through Pipes. 

535. Represent by Fig. 535A a reservoir of water, discharging 
through a standard tube and a pipe. . The total head, Ht, is ex- 
pended in forcing the water to enter the pipe, to flow through the 



FijS. 535 A 

pipe against friction, and out at its end with a certain velocity. 
Expressing this by an equation, we have 

Ht = He + Hf + Hv {S35A) 

These are mutually dependent. For example, if the pipe is 
lengthened, a greater total head will be required to maintain 
the same velocity, because the loss due to friction head is in- 
creased. If, however, the pipe is lengthened and the total head is 
not increased, there is a readjustment of Hf, and H„\ the loss 
due to friction is still increased but it is not so much increased 
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because the velocity is decreased and this lessens slightly the 
loss due to friction. 

536. Entrance Head. — Theoretically, from equation 531A, 

Vt = V2gRt, or = ^ (536A) 

That is, the total velocity bears this relation to the total head. 
But actually, because of losses due to friction and losses at entrance, 
the velocity is reduced to Va, and we have, by introducing the con- 
stant C so as to allow for this difference, 

V, = CV2^, or (536B) 

The amount of head lost at entrance, which changes the velocity 
from Tt to Fa must be 


Lost head = = C^Ht (536C) 

Substituting for Ht its value in terms of actual velocity of the 
water as given in equation 536B, we have 

y 2 ^2y 2 / 1 \ Fa“ 

Lost head= 2,^. 

This is the equation for the loss of head at entrance in any dis- 
charging device. Applying this to the standard tube entrance of 
the pipe shown in Fig. 535A, and remembering that C above is for 
a standard tube, we have, from equation 632B, 

C = 0.82 (536E) 

Substituting in equation 536D, and remembering that the actual 
velocity is due to velocity head, we obtain 

(536F) 

Head lost at entrance = ~ ^ = 0.5 

Therefore, in the ordinary pipe, the entrance head is one-half 
the velocity head. 

537. Friction Head. — The roughness of the interior surface of 
the pipe checks the flow and produces eddies and cross-currents 
which interfere with the free flow of the water in the pipe. The 
frictional resistance thus offered has been found by experiment to: 
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may be reduced by many causes other than those named above. 
Such causes are: sharp bends, eddies, changes in diameter, etc. 
These are generally of so small effect that they are not considered ; 
if important in a particular system, special equations may be 
found in text books or engineering handbooks. 


542. Long Pipes. — The preceding discussions apply to both short 
and long pipes. However, when the pipe is long, the equations can 
be much simplified by eliminating values which are proportionally 
so small as to render it unnecessary to consider them. 

From Fanning’s table, paragraph 540, it is seen that as the length 
of the pipe is increased, more and more of the total head, i?,, is 
expended in overcoming the frictional resistance in the pipe and 
less and less is expended at the entrance and in producing velocity. 
In practice, it is customary to consider the total head, Ht, as entirely 
expended in overcoming the frictional resistance in pipes with a 
length not less than one thousand diameters and in which water 
has a velocity not more than 10 feet per second; such pipes are 
called long pipes. 

Under this assumption. Ho and Hv are disregarded, and H/ be- 
comes Ht. The equations for long pipes are, therefore, (Eq. 537D) , 

Q = 0.7854:D>^^^^^- = 3.162 - (542B) 

543. ' l^roblem. — pipe 1' in diameter has a length of 1000'. The total head 
is 100'. What are the entrance, friction, and velocity heads? ^i=r..006. 

Solution. — Substituting proper values in equation 639C, we have 


-v 


/ 2gHt 

12 X 32.2 X 100 

/ 6440 

l/ , 4 X .006 X 1000 

V ' 1.6+24’ 

V 25.6’ 


15.89 feet 
per s€‘C. 


Velocity Head - Hp 


^ 6440 

2(7 ~ 25.5 X 2 X 32.2 


Entrance Head 


3.92 
' 2 


1 . 96 ^ 


Friction Head « 100 - 3.92 - 1.96 »» 94.12'. 


544. Problem. — Assuming the pipe in Problem 543, what will be the velocity 
if it is considered as a long pipe? 

Solution. — 

xloo X 1 ' „ ^ 440 * 

4ju2 \ 4 x“*. 606 xlo’do'’ " \ “ 24 ~ 



16.4 ft. per sec. 
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645. Problem. — Using Fanning’s Table, find the entrance, friction, and velo- 
city heads. Compare the velocity in the table vyith the answer to problem 544. 

Solution. — Taken direetiy from the table, the velocity heads are 2.37', 92.94', 
and 4.69'. The velocity in the table is 17.38 feet per see., which is 0.98 feet 
per sec. more than the velocity calculated in problem 644. 

546. Hydraulic Gradient. — ^In Pig. 635A, if a cap is placed on the 
outlet at C, the water will cease to flow and will rise in each of 
the piezometer tubes to the level of the water in the reservoir. If 
the cap is removed, the water in, each will fall. At E, where the 
water has started flowing in the pipe, the loss in head will be en- 
trance head plus velocity head, giving a total loss of one and one- 
half times the velocity head. This head will be small if the 
pipe is fairly long, since the velocity of flow in the pipe will 
be small. The fall in the remaining tubes will be due to the loss 
of head due to friction between E and H, and between E and M. 
If the pipe is of uniform size, the friction loss is equal per unit 
of length, that is, proportional to the length. 

Hence, the loss E to H : loss E to M : : EH ; EM (546A) 

When the pipe is of the same size throughout, the water level 
in the three tubes at E, H, and M will be in a straight line. This 
is called the hydraulic gradient, which is the line joining the points 
to which water will rise in piezometer tubes. 

547. As the height of the water in each of the tubes represents 
the pressure on the inner surface of the pipe at the base of the tube, 
its height is called the pressure head at that point. 

At any point of the pipe, therefore, the pressure head is the 
vertical distance from the hydraulic gradient to the axis of the 
pipe ; it is equal to the friction head from that point to the end of 
the pipe. 

Hence, at any point of the pipe, the sum of the entrance head, 
the velocity head, the friction head, and the remaining pressure 
head is equal to the total head. 

548. In a very long pipe, such as the water main connecting the 
inlet of a gravity system of water supply with its reservoir, it is 
seen from the table in paragraph 540, that the entrance and velocity 
heads are so small that they need not be considered, and the hy- 
draulic gradient is drawn as in Pig. 548A, as practically the whole 
head is employed in overcoming the frictional resistance. As 
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previously stated, this line, AC, is straight only when the pipe 
is of uniform size. When there are different sizes of pipe in the 



Fi$\ 54S A 

pipe line, the hydraulic gradient is not straight, but takes such 
forms as ALC and ADFC. 

The slope of the hydraulic gradient is. found from the equation 

Transposing the length, I, to the left member, we obtain 

Slope = = (548A) 

I 2gD 

Knowing the difference of level between the outlet and the re.ser- 
voir, and the length of the pipe connecting them, this slope can 
easily be computed, if the pipe is of the same diameter throughout, 
by dividing the difference of level by the total length of pipe. 

549. From equation 548A, we have 

long pipes). (549A) 

ifil 

From this it is seen that the velocity of flow in a long pipe and 
consequently its discharge is not afl’ected by any change of location 
that does not change HJl, its slope. 

In laying long pipe it is usually necessary to cross valleys and 
and ridges. From equation 549A, it is seen that as long as the 
pipe is kept free from obstructions and below the grade line, the 
vertical irregularities in the line have no effect on the velocity of 
flow other than that due to increase in length. In the valleys, how- 
ever, the pipe must be thicker, because of the greater pressure head. 

Should the pipe line be laid above the hydraulic grade line, as 
the line BLC, Fig. 548A, the part above the hydraulic grade line 
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will form a siphon and be subject to the laws governing the siphon. 
As air collects in the top of the siphon it will interrupt the flow, 
and the discharge will be less than it would be if the entire line 
was below the hydraulic gradient. 


550. Problem. — The elevation of the surface of the water in a reservoir is 
459', and its outlet 3 miles away has an elevation of 228'- The top of a ridge 
over which the pipe line must run is 1 mile from the reservoir, and its eleva- 
tion is 398'. Is it necessary to cut into the ridge in order to keep the jflow of 
water free from air bubbles due to siphon effect; and if so, how much? 

Solution. — The hydraulic gradient has a slope of 


459—228 

3 


r= 77' per mile. 


Therefore, at the top of the ridge the elevation of the pipe line should be 
459—77=382'. This will necessitate a cut of 398—382=16'. 


Weirs. 

551. An orifice of regular form cut in the upper edge of a ver- 
tical wall is called a weir. It serves the purpose of measuring the 
discharge. The edge over which water flows is called the crest. 
Most weirs are rectangular; and the crest is the width of the 
bottom of the rectangular notch. 

552. Weirs are of two forms: with end contractions (Fig.552A), 
and without end contractions (Fig. 552B). 



A 



Many formulas have been deduced from experiment for the dis- 
charge over various forms of weirs. These may be found in works 
on hydraulics which explain their derivation and limitations. 

Francis" formula for a weir with end contractions is 

Q = 3.33 ^ 6 - Y (552A) 

His formula commonly applied to a weir without end contrac- 
tions is 

Q = 3.33&H^ 


(552B) 
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in which Q — discharge in cubic feet per second; 
h = breadth of weir in feet ; 

H = height of surface (upstream from the weir) above 
the crest of the weir in feet. 

663. For rough measurement, H may be read on a rod as shown 
in Fig. 553A, placed far enough above the crest so that the surface 



has not begun to slope quickly to the weir but still has its normal 
slope. 

For accurate measurement, a hook-gauge is used. The hook 
points upwards and is lifted up from below until a slight pimple 
is observed on the surface. By means of a vernier, readings may 
be made to one-thousandth of a foot. 

In engineering handbooks the values of Q are tabulated cor- 
responding to 6 = 1' and values of H differing by O.Ol'. 

The above formulas of Francis are for weirs measuring discharge 
from reservoirs in which the water is still ; thus the velocity over 
the weir is that due to head above the crest of the weir alone. 
If the weir is in a running stream, there will also be the velocity 
head of the running stream; and the total velocity at the weir for the 
same head over the crest will be greater than in the case of still 
water, and the discharge will be greater than that given by equa- 
tions 552A and 552B. To obtain this discharge, it is necessary to 
measure the velocity of the stream, calculate the head. Hr, which 
will produce that velocity and substitute Hv+H for H alone in 
equations 652A and 652B. 

FLOW OF WATER IN OPEN CHANNELS. 

554. An open channel is a conduit in which water flows without 
any pressure above atmospheric pressure, other than that due to 
the actual weight of the water carried. 
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Open channels are divided into; 

a. Artificial Channels with uniform flow; 
h. Artificial Channels with non-uniform flow; 
e. Natural Channels. 


Theoretical Determination of Velocity. 

555. To obtain a formula for the flow of water in open channels, 
let Fig. 555A represent a channel with uniform cross-section and 



Fig. 555 A 

uniform slope ; then, unless acted upon by forces other than atmos- 
pheric pressure and gravity, the slope of the water will also be 
uniform. 

Pass two parallel planes perpendicular to the line of flow, and 
consider the prism of water included between these two planes as 
a “free body”. 

Let A = area of cross-section of channel; 

I = length of prism = distance between the two planes; 
h = fall in length 1. 

Then h/l = sine of angle of slope of the surface. 

The terminal sections are equal in all respects ; and the pressure 
transmitted from the upper section, through the prism of water 
included between the two sections, to the lower section, is equal 
to that carried forward by the lower section. Therefore, the only 
force which tends to move the “free body” is the component of 
the weight of the water itself which acts parallel to the surface. 

Representing this force by we have 

= 62.5Aj4- (555A) 

As the velocity with which the water enters the prism is equal 
to that with which it leaves it, there is no increase in force in the 
prism itself ; therefore, the force given by the weight of the water 
must be equal to the resistance which opposes its movement. This 
is the resistance of the bed and sides of the channel. This 
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resistance, as in paragraph 537 for pipes, varies directly with the 
roughness of interior surface of the channel, directly with its 
wetted area, and directly with some function of the velocity, usually 
taken as Y^/2,g. The resistance of the free surface of the water is 
neglected, as it is found by experiment to be negligible. 


Let h — length of wetted perimeter ; then LI = wetted area ; 
ft' = friction constant. 

Llu'V^ 

Then, Frictional Resistance = - ^ — (555B) 


Equating the two equations, 555A and 555B, we have 


1 2g 

(556C) 

^ 2g 62.5_h_ _A_ 

/x' 1 L 

(555D) 

Substituting [x for \i' /62.5, we have 


^ j'2g'h'A 

(555E) 

556. Chezy ’s Formula. — Substituting 



R = hydraulic mean radius, for A/d, 

S = sine of slope of the surface, for h/'l, 


we obtain ^ = C Vrs" (556A) 

\ 

This equation is called the Chezy formula and is the basis of those 
since devised. As originally employed, a constant value was given 
to C. 


557. Bazin’s Formula. — By an elaborate system of experiments, 
Bazin proved that C was not constant, but that its value was greatly 
affected by the character of the walls of the channel. Also that in a 
channel in which was constant, C did not vary exactly with 
the ratio V/ ViS. 

The formula deduced by Bazin from his experiments was 


V = 


87 

0.552 + 

VE 


\/ RS 


(557A) 
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in which m is a factor for roughness whose values depend on the 
character of the walls of the channel. These values are: 


Walls of the Channel 

m 

1. Cement and carefully planed wood 

0.06 

2. Smooth ashlar, brick, unplaned wood 

0.16 

3. Rubble masonry 

0.46 

4. Earth 

0.85 

5. Channels carrying detritus and coarse 


gravel, mountain torrents 

1.75 


These experiments were made principally in an artificial canal 
2 meters wide, 1 meter deep, and about 600 meters long. 

558. Abbot’s Formula. — About the same time an elaborate 
study of the Mississippi River was made by Captain Andrew A. 
Humphreys and Lieutenant Henry L. Abbot of the Corps of Engi- 
neers, U. S. Army. 

The formula deduced by these engineer officers is, in its simplest 
form, 

V = ■ (558A) 

When the results of the American investigations were compared 
with the French, it was seen at once that the two formulas were 
each applicable only to the character of the channel in which the 
experiments were conducted. Bazin’s formula could not be applied 
to a channel of the dimensions of the Mississippi, nor could the 
formulas deduced by Humphreys and Abbot be applied to the small 
channels experimented on by Bazin. 

559. Rutter’s Formula, — ^The theory of the flow of water in open 
channels was next made the subject of careful study by a Swiss 
engineer, Rutter, who sought an empirical formula which would 
conform to the data obtained by the American and French engi- 
neers, as well as that furnished by other experimenters. 

He found that the value of C varies with the following general 
laws: 

а. It increases with R, and most rapidly when R is small. 

б. It increases with the decrease in the roughness of the bottom 

and the walls of the channel. This effect is greatest when 
the velocity is small. 
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c. It increases with 5 if 12 is less than one meter and if the 

bottom and sides of the channel are smooth. 

d. It decreases as S increases if R exceeds one meter, and also 

in small channels if the surface of the bottom and sides is 
very rough. 

The formula below, deduced as the result of the experiments and 
known as Kutter’s formula, is the one now generally employed. 


41,66 + 

n S 


1 -j- ( 41. 66-]- 


.00281 \ n 


^RS =C ^RS 


C559A) 


in which V = mean velocity in feet per second ; 

R = hydraulic mean radius or hydraulic mean depth in 
feet; 

S = sine of slope. 


560. The value of the coefficient, n, as determined from the re- 
sults of experiments, varies with the character of the bottom and 


sides of the channel as follows: 

Planed timber, glazed and enameled surfaces 0.009 

Smooth clean cement 0.010 

Same, with one-third sand 0.011 

Unplaned timber 0.012 

Ashlar and rough brick 0.013 

Smooth brick masonry 0.016 

Rubble 0.017 

Firm gravel 0.020 

Rivers and canals free from stones and weeds 0.025 

Rivers and canals in fair condition 0.030 

Rivers and canals in bad condition 0.035 


561. Kutter’s formula is applicable to pipes as well as to arti- 
ficial and natural channels. As the formula is a complicated one, 
tables and graphic diagrams have been computed and placed in 
engineering manuals giving the value of C corresponding to dif- 
ferent channels. In all ordinary computations, these tables are 
used. 

562. The discharge is determined, as in all cases, by multiplying 
the area. A, by the velocity, V. 'Thus, we have 


Q = AV 


(562A) 
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Direct Measurement of Velocity. 

563. In natural channels, and in some artificial channels, it is 
often unsatisfactory to rely on the formulas deduced above. It is 
more satisfactory to make direct measurements of the velocity of 
the stream and multiply this velocity by the area of the stream. 

564. The section of the channel selected for measurement must 
be of sufficient length so that the water is flowing steadily through 
it; there must be no eddies and back currents. The velocity is 
measured in one of the following ways, depending upon the ac- 
curacy desired: 

а. A single surface measurement of the channel; 

б. A surface measurement of each of certain vertical sections ; 

c. A surface and one or more sub-surface measurements of each 

of certain vertical sections. 

d. Many surface and sub-surface measurements, sufficient to de- 

termine curves of velocity. 

565. Single Surface Measurement. — A surface float is placed in 
the center of the stream and the time is accurately taken in which 
it goes a known distance. As a rough approximation, the average 
velocity for the whole area of cross-section may be taken as three- 
fourths of the maximum surface velocity. 

566. Surface Measurement of Vertical Sections. — ^The channel 
is divided into a number of vertical sections (see Fig. 566A), each 
of the same width, and the surface velocity is taken in each. Many 
measurements indicate that the mean velocity in the vertical sec- 
tion is nine-tenths of the surface velocity. To determine the dis- 



a \a~ia~ia \a, ia-]a~ia~ia 

4- ^ 1 ®l— ®i 
506 A 



charge of the water in the whole cross-section, the area of each 
vertical section is determined, then multiplied by the average veloc- 
ity of the water in it, and the products added. 

567. Surface and Sub-surface Measurements of Vertical Sections. 
— In very irregular channels, and when great accuracy is required 
in any channel, it is necessary to determine the velocity at many 
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points in each section, as the average velocity may not be nine- 
tenths of the surface velocity. The points are taken preferably at 
regular depths, and the proper area for each point is multiplied by 
the velocity as shown by the measuring instrument. Many experi- 
ments indicate that the average mean velocity is at about six-tenths 
of the depth, and the maximum velocity is somewhere between the 
surface and one-third of the depth. 

568. Velocity Contours. — If sufficient measurements are made of 
the velocity and all points of equal velocity are joined by curves, 
there will be obtained (Fig. 568 A) a series of curves which have 



568 A 

the appearance of contours, and are known as velocity contours. 
As seen in the figure, the maximum velocity is near the middle of 
the channel and about one-third of the depth below the surface. 
If the area inclosed between two adjacent contours is multiplied by 
the average of the two, the total discharge thus obtained is very 
accurate. 

569. Methods of Measurement. — The velocity may be measured 
by means of fioats, Pitot tubes, or current meters. Of these, the 
most satisfactory is the method by current meters. 

570. Floats . — To measure the velocity by means of floats, two 
parallel cords, from one to two hundred feet apart, are stretched 
across the stream, or parallel lines are marked by poles, at each 
cross-section. The rate at which the float (Fig. 570A) passes from 



Fii. 570 A 
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the upper to the lower cross-section is observed and recorded. 
Several floats are timed and the average is taken. 

Floats are preferably made of a material whose specific gravity 
is only a little less than water, so that they will be almost wholly 
submerged and be little affected by the wind. 

If the velocity at any point below the surface is desired, a double 
float (Fig. 570B) is employed. This consists of a surface float 



Fig. 570 B 


which is small in order that the surface velocity may have little 
effect on it, and a large submerged float exposed to the action of the 
current. The lower float is connected to the surface float by a thin 
wire. 

If the mean velocity in any vertical plane is desired, a weighted 
pole is used, extending from the surface almost to the bottom. 

571. Pitot tubes (Fig. 571A) consist of two vertical glass tubes 
each open at the top and bottom and bent at the lower ends as 
shown. The lower ends are placed at right angles to each other. 
As shown in the figure, the tubes are placed so that the opening in 
one of the horizontal arms points upstream, and the other opening 
points to the side. The velocity of the water causes it to rise in the 
tube with the horizontal arm upstream, while in the other it re- 
mains at surface level. After the oscillations have ceased, valves 
are closed in the bottom of the tubes, and they are raised and the 
difference of height of water measured. This difference gives the 



Fig. 571 .4 
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velocity head, H„, and the theoretical velocity, V=V 2gHv‘, but by 
experiment the velocity has been found to be about .84 of this 
amount ; therefore, the formula used for determining the velocity 
by use of Pitot tubes is 

V = 0.84 ^~2g~H, (571A) 

572. The current meter (Fig. 572A) has a wheel or propeller 
which is revolved by the current, and the number of revolutions is 
recorded by electric attachments or by a counting apparatus con- 



nected to the shaft of the wheel or propeller. The meter is first 
rated by moving it at a uniform speed through still water. To 
measure a velocity, the meter is attached to a pole and lowered in 
the water to the depth at which the velocity is to be determined. 
In very deep water, the meter is suspended by a weighted cable. 
After a fixed time, depending upon the accuracy desired, the meter 
is raised, the number of revolutions read, and the velocity calcu- 
lated. As the current meter is the most accurate and also involves 
but little computation, it is the most suitable method of measuring 
velocities. 


PROBLEMS. 

P. 601. A block of masonry 2' x 3' x 4' Z" •weighs 3,720 pounds. 

(a) What •will it •weigh in •water ? 

(b) What is its specific gravity? 

P. 602. A cube of a certain substance 4 " on edge floats in mercury with its 
upper side 1 " above the surface. What is the specific gravity of this sub- 
stance? (Assume the specific gravity of mercury to be 14.) 
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P, 503. The specific gravity of white pine is 0.38. How high out of water 
would a block of white pine 2 ' long and 1 ' in square cross-section float? 

P. 504. A cube of white pine measuring 1 ' on an edge is held under water 
so that the top surface of the cube is parallel to and one foot below the surface 
of the water. Assume the specific gravity of white pine to be 0.38. 

(a) Determine the total water pressure on each face of the cube. 

(b) What force is necessary to hold the cube in the position described. 

P. 505. A hollow sphere of 1 ' diameter is held under water so that the top of 
the sphere is 1 ' under the surface of the water. The sphere contains a vacuum. 
The material of the sphere is so thin that its weight may be neglected. 

(a) Determine the pressure per square inch on the bottom of the sphere. 

(b) What force is necessary to hold the sphere in the position described. 

P. 506. A spar buoy of circular cross-section, with a diameter of 20", 
is made of timber with a specific gravity of 0.8. It is held in a vertical posi- 
tion by a submerged block of stone one cubic foot in volume, weighing 160 
pounds. The buoy must project 6' above water. What is its length? 

P. 507. A cylindrical stand pipe 3' in diameter is filled with water to the 
height of 30'. An additional pressure of 40 pounds per square foot is applied 
at the surface. What is the total pressure at the base? 

P. 508. What is the total pressure on the upper surface of an inclined 
isosceles triangle whose vertex is 9' below the surface of the water, and whose 
base is parallel to and 18' below the surface. The base of the triangle is 12 
and its altitude is 16'. 

P. 509. (Figure P. 509.) The figure represents a vessel filled with water. 

(a) What pressure must be applied to the piston P in order to hold the 
weight W in the position* shown ? 

(b) Solve (a) when P is applied 2W instead of 3' and W is applied SW 
instead of 4' above the center of the pipe. 


Fig. P. 509. 

P, 510. A cast-iron water main 8" interior diameter taps a reservoir at 
a depth of 150' below the level of the water surface in the reservoir. How 
thick should the main be for a factor of safety of 10 ? 

P. 511. A rectangular opening 2' by 4' (short dimension horizontal) in a 
reservoir dam has its center 80' below the free surface and its plane is inclined 
at an angle of 46°. The opening is to be closed by a gate rotating on a 
horizontal axis. How far from the lower side of the gate should the axis be 
so that the water pressure would offer no resistance to opening ? 
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P. 512. A rectangular opening in a dam is closed by a plank 10' high and 1' 
broad. The plank is held vertically in the opening by bearing against the studs 
A and B, at the top and bottom of the plank respectively. Find the pressures 
acting on A and B when the water level is 10' above the center of the opening. 

P. 513. A rectangular valve in a vertical dam is 8' high. The bottom of 
the valve is 5' above the bottom of the reseiwoir. Locate the position of the 
horizontal hinge in the valve so that the the valve will open automatically 
when the water in the reservoir rises above the depth of 30', 

P. 514. The center of a horizontal circular orifice, 2" in diameter, is 20' 
below the free surface of the water, so that the orifice opens upward. How 
high will the jet rise ? 

P. 515. The center of a circular orifice, 2" in diameter, is 10' below the 
surface of the water. What is the velocity of discharge and the quantity of 
discharge in gallons per minute? 

P, 516. A standard tube of 8" diameter opens into a reservoir 150' below 
the free surface of the water. What will be the velocity of discharge in feet 
per second ? How many gallons will it discharge per 24 hours ? 

P. 617. What must be the diameter of a standard tube to discharge 
3,000,000 gallons per 24 hours, under a head of 100'? 

P. 518. What head in feet is required to give a discharge of 3,000,000 gallons 
per 24 hours from a standard tube 4" in diameter? 

P. 519. What is the discharge in gallons per 24 hours over a weir 24' long 
without end contractions, where the head is 4". 

P. 620. What is the discharge in gallons per 24 hours, over a weir 10' long 
with end contractions, when the head of v/ater on the weir is 6" ? 

P. 621. A pipe line vnth a standard tube entrance is 300' long. The pipe 
is 1' in diameter and delivers water under a head of 60'. What is the loss 
of head at entrance? (i.t-.=0.02.) 

P. 622. A pipe line with a standard tube entrance is 300' long and 6" in 
diameter and is under a constant head of 30'. The coefficient of friction is 
.010. Find. 

(a) The loss of head duo to velocity. 

(b) The loss of head duo to entrance. 

(c) The loss of head due to friction. 

P. 623. A pipe line, 300' long, and 12" in diameter, has its intake a standard 
tube under a constant head of 30'. Compute the loss of head at entrance; the 
loss of head due to friction; and the velocity of discharge, considering the 
pipe to be smooth. 

P. 624. A pipe 200' long, 1' in diameter and with a coefficient of friction 
of 0.01, takes water from a reservoir with a head of 80'. Determine: 

(a) The entrance head. 

(b) The friction head. 

(c) The velocity head. 



Pressure and Flow op Water. 


159 


P. 525. (Figure P. 525.) Water from the tank flows through the pipe. 
Determine the total head and divide it into the following: 

(a) Entrance head. 

(b) Friction head. 

(c) Velocity head. (^.=0.01.) 


fOOOOO^ 



P.. 526. A pipe line with standard tube entrance is 12" in diameter and 
500' long and is under a head of 40'. Suppose the pipe is smooth, what is the 
velocity of discharge in feet per second and what is the discharge in gallons 
per 24 hours? 

P, 527. A pipe line 300' long delivers water under a head of 60'. The pipe 
is 1' in diameter and the intake is a Borda tube. What would be the probable 
discharge in cubic feet per second? (fi=:0.02.) 

P. 628. A pipe line 10,000' long and 2' in diameter delivers water under a 
head of 170'. What will be the probable discharge in gallons per 24 hours? 
(^ 1 = 0 . 02 .) 

P. 529. The level of Lusk Reservoir is 69' below the intake of the pipe line 
on Popolopen Creek. The diameter of the pipe is 20" and its length is 32,000'. 
Assuming the pipe to be rough, what will be its discharge in gallons per day? 

P. 530. In the preceding problem (P. 529) what is the velocity of discharge in 
feet per second? 

P. 531. It is required to deliver 2,500,000 gallons of water per 24 hours at 
West Point from Popolopen Creek, from a point about 40,000' distant, the 
available head being about 60'. What should be the diameter of the pipe in 
inches ? (|Lt=:0.01.) 

P. 532. A pipe line 300' long delivers water under a head of 30'. The pipe 
is 1' in diameter. (^=0.02.) 

(a) Construct the hydraulic grade line. 

(b) What is the loss of head at entrance? 

P. 633. The velocity in a pipe line, 20" in diameter, is 2.5' per second; 
what is the mean hydraulic gradient? The coeflBicient of friction is .01, 
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P. 534. (Fig. P. 534). Water from the tank flows through the pipe. The 
pipe is 1' in diameter and has a coefficient of friction of 0.006. Determine 
the discharge in cubic feet per second. (Use horizontal projections for lengths 
of pipe.) 



P. 535. An aqueduct is of circular cross section and is 8' in diameter; it is 
lined with cement mortar; it runs half full; the slope is 2' per mile. What 
will be its discharge in gallons per 24 hours? 

(a) By Bazin’s formula. 

(b) By Kutter’s formula. 

P. 536. The Washington aqueduct is lined with brick and is of circular 
cross section 9' in diameter; its slope is .00015, What is its discharge in 
gallons per 24 hours, if the depth of water is 3.5' ? 

(a) By Bazin’s formula. 

(b) By Kutter’s formula, 

P. 537. Deduce equation 55SA. 



PART II 


BUILDING MATERIALS. 

A knowledge of the characteristics of building materials is neces- 
sary in order to obtain the best results in engineering construction. 
Materials suitable for certain purposes, in one structure, will not be 
at all suitable for almost the same purpose in another structure. 
Durability, possibilities of preservation against decay, power to 
resist unusual forces, and cost of installation, must all be considered. 

Practical experience gained by engineers on construction work, 
and standard tests applied in the laboratory, are the principal guides 
in the selection of materials. 



CHAPTER VI. 

TIMBER. 

601. Timber, from the Saxon word timbrian, to build, is a generic 
term applied to wood of a suitable size, and fit for engineering con- 
struction. The growing tree is called standing timber; the felled 
tree, which has been cut into proper lengths for the saw mill, is 
called rough timber or logs. When the logs have been squared, or 
cut into shape, either to be used in this form or cut into smaller 
pieces, the general term timber is applied to them. If cut from the 
trunk of the tree, they are known as square or round, hewn or 
sawed, according to the form of cross-section and mode of cut- 
ting; if cut from the branches and trunk, and of crooked shape, 
they are called knees and are used in ship building. 

Timber which has been sawed into smaller pieces is called lumber, 
and is divided into classes known as joists, scantlings, strips, boards, 
planks, etc. When sawed to specified sizes, to fill a given bill of mat- 
erial, it is spoken of as dimension stuff. 

VARIETIES. 

602. The forests of our own country produce a great variety of 
timber for construction purposes. It is ordinarily divided into 
two general classes, soft woods and hard woods. 

The first class includes all coniferous trees, like the pines, and also 
some few varieties of the broad-leaved trees ; the second includes 
most of the timber trees that are non-coniferous or broad-leaved, 
like the oaks, etc. 

The coniferous trees contain turpentine, and are generally distin- 
guished by the straightness of the fiber and by the regularity of 
form of the tree. The timber made from them is more easily sawed 
or split along the grain, and much more easily broken across the 
grain, than that made from the hard woods. The hard woods or 
non-coniferous timber, contain no turpentine, and, as a class, are 
tough and strong. 

Examples of Soft-Wood Trees. 

603. Yellow Pine. — This tree is, perhaps, the most widely distri- 
buted of all the pines in this country, being found in all the States 
from New England to the Gulf of Mexico. In the Southern States 
it is called Spruce Pine, or Short-leaf Pine. 
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The heart-wood is fine grained and moderately resinous. Its sap- 
wood decays rapidly when exposed to the weather. The tree grows 
mostly in light clay soil and furnishes a strong and durable timber 
extensively used in house and ship building. 

604 Long-Leaf Pine. — This tree is found from southeastern 
Virginia to the Gulf, and is the principal tree where the soil is sandy 
and dry. Inferior growths of it are frequently called Yellow Pine. 
It has but little sap-wood. The heart-wood is fine grained and 
compact, and has the resinous matter very uniformly distributed. 

The timber made from it is strong and durable, being considered 
superior to that of other pines. Its quality depends, however, on 
the kind of soil in which the tree grows, being less resinous in rich 
soils. Long-leaf pine is often classified as a hard wood. 

605. White Pine. — This tree is found in Canada and New England, 
and along the Allegheny Mountains as far south as Georgia. It is 
frequently called Northern Pine. Its timber is light, soft, free from 
knots, slightly resinous, easily worked, and durable when not ex- 
posed to the weather. It is used in a great variety of ways for 
building purposes and for joiners’ work. 

606. Fir. — This tree, commonly known as Spruce, furnishes large 
quantities of timber and lumber which are extensively used 
throughout the Northern States. The lumber made from it has the 
defects of twisting and splitting on exposure to the weather and of 
decaying rapidly in damp situations. The common fir, the spruce fir, 
found in Northern California, and the Douglas Fir which grows to 
an enormous size, all furnish timber of great strength and size and 
excellent quality and are much used in building. 

607. Hemlock — This is a well-known species, used throughout 
the Northern States as a substitute for pine when the latter is 
difficult or expensive to procure. It is very perishable in damp 
places or when subjected to alternate wet and dry periods. 

608. Cedar. — ^The White Cedar, called Juniper, and the Cypress 
are celebrated for furnishing a very light timber of great durability 
when exposed to the weather ; on this account they are much used 
for shingles and other exterior coverings. The shingles are light 
and may last for 40 years. These two trees are found in great 
abundance in the swamps of the Southern States. 
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Examples of Hard-Wood Trees. 

609. White Oak. — This tree is largely used in ship-building, the 
trunk furnishing the necessary timber for the heavy frame-work, 
and the trunk and large branches affording an excellent quality of 
ship timber. Boards made from it are liable to warp and crack. 
It grows throughout the United States and Canada, but most 
abundantly in the Middle States. Proximity to salt air during the 
growth of the tree appears to improve the quality of the timber. 
The character of the soil has a decided effect on it. In a moist soil, 
the tree grows to a larger size, but the timber loses in firmness and 
durability. 

610. Live Oak. — The wood of this tree is of a yellowish tinge; it 
is heavy, compact, and of a fine grain; it is stronger and more 
durable than that of any other species of oak, and on this account is 
considered invaluable for the purposes of ship-building. It is found 
in the South Atlantic and Gulf States and along the Pacific Coast. 

611. Post Oak. — This tree resembles white oak, seldom attains a 
greater diameter than about fifteen inches, and on this account is 
suitable for posts, from which use it takes its name. It is found 
most abundantly in the Middle Atlantic and South Central States. 

612. Red Oak. — Red oak is found in all parts of the United States. 
The wood is reddish, of a coarse texture, and quite porous. The 
timber made from it is generally strong but not durable in contact 
vdth the ground. It is used principally for furniture and trim. 

613. Black Walnut. — ^The timber made from this tree is hard and 
fine grained. It has become too valuable to be used in building con- 
struction, except for ornamentation. It is extensively used in mak- 
ing gun stocks. 

614. Hickory. — ^The wood of this tree is tough and flexible. Its 
great heaviness and liability to be wormreaten have prevented its 
general use in buildings. Hickory is largely used in wagon-making, 
for tool handles, and generally where a strong and elastic wood is 
required. 

STRUCTURE. 

615. While color, weight, smell and other appearances give in- 
dications as to the variety of a specimen, the wood structure is the 
only reliable means of identification. All physical and mechanical 
properties of timber depend very much upon its structure. Thus, 
a comparison of the structure of oak and pine shows why oak is 
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heavier, stronger, and tougher ; why it is harder to saw and plane ; 
and why it is so much more difficult to season without injury. 

616. Classification. — Trees are classified as exogenous and endo- 
genous. Exogenous trees increase in diameter by the annual forma- 
tion, between the old wood and the bark, of concentric rings of 
the new wood, which inclose the entire living portion of the tree. 
Trees of the exogenous group include practically all classes of 
timber important for engineering construction; they are the conif- 
erous and the broad-leaved trees. Endogenous trees grow diamet- 
rically and longitudinally, principally the latter, by the addition of 
new wood fiber intermingling with the old. Trees of this second 
group include the palm, the bamboo, and the yuccas. These are 
used to a small extent for engineering construction in some of the 
Southern States, but they will not be discussed further. 

617 Pith, Annual Rings, and Bark. — A cross-section of a sawed 
log of matured timber shows a small center of loosely-assembled, 
thin-walled cells called the 'pith. It is about one-eighth of an inch 
in diameter, never increasing in size after the first year. Sur- 
rounding the pith are concentric rings of wood which represent 
the layers of wood added each year. The thickness of the annual 
rings varies greatly in different trees of the same variety and in 
different parts of the same tree. These rings are inclosed in the 
weather protector, called the bark. 

618. Structural Elements. — ^Wood is made up of cells and vessels, 
which are arranged with their long axes parallel to the axis of the 
tree or branch, and of radial pith rays which lie with their long axes 
perpendicular to the axis of the tree. 

In cross-section, the cells (Fig. 618A) are roughly polygonal and 
usually appear to be rectangular with rounded comers. They are 
from .02" to 2" long and about .002" in diameter. They are closed 
at the ends and the end walls of each cell are thin in comparison 
with its side walls. 

The vessels are formed by the fusion of a number of cells. A 
single vessel often extends the length of the tree and sometimes 
has a diameter as large as .03". Fig. 618B shows large vessels in 
oak in cross-section. The vessels in the outer portion of the tree 
serve as vertical water-supply lines. 

In place of vessels, there exist in the conifers tubular spaces be- 
tween cells, which are called resin ducts (Fig. 618A) . These ducts 
possess no true walls like those of the vessels. The vertical ducts 
are interconnected with radial resin ducts to permit the passage of 
resin. 
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The pith rays, or medullary rays, consist of bundles of separate 
cells arranged with the long axis in a radial direction (Fig. 618C). 
They serve to distribute water and food between the bark and layers 
of wood. 


JWA 
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Fie. 618 A Fig. 618 B 

Fig. 618 A Cross-section of Longleaf Pine, a Nonporous 
Wood. (Note; absence of pores/ resin duct, RD; 
thick cell walls In Summer wood, S *, thin walls in 
Spring wood, SP ; narrow medullary ray, MR) 

Fig. 618 B Cross-section of White Oak, a Ring Porous 
Wood. (Note ; large vessels, V in Spring wood, SP; 
broad medullary ray, MR; also fibers, F) 
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Fii, 618 C 

Wood of Spruce, 1. Natural size; 

2. Small part of one ring raagnlfled. 

100 times. The vertical tubes are • 
wood -fibers; m, medullary or pith raj 
n, transverse tracheids or pith ray 


619. Spring and Summer Wood. — ^If the annu^ rings of a conifer 
are examined, it will be found that each is alternately light and 
dark, one light and one dark ring representing a year’s growth. 
The light ring is spring growth and is comparatively soft and weak: 
strength of the wood may, therefore, be judged by the propor- 
tion of summer to spring wood. It is also noted that the rings of 
summer wood are narrow near the pith and near the bark; in longi- 
tudinal section the rings decrease in thickness from the ground to 
the top ; hence the strongest timber will come from the lower part 
the dark ring is summer growth and is dense and strong. The 
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of the tree, midway between the pith and the bark. The average 
amount of summer wood is 24 to 40 per cent of the entire tree. 

620. Sap-Wood is the light, weak wood, next to the bark ; the outer 
portion of it is the growing part of the tree. The heart-wood is 
the inner and darker portion and has no part in the growth of the 
tree ; it is generally sti’onger and denser than the sap-wood. Heart- 
wood results from the gradual change of sap-wood due to the in- 
filtration of chemical substances from the sap. The proportion of 
heart- wood depends upon the age of the tree ; it forms about 60 per 
cent of an old long-leaf pine. 

621. The conifers have a regularity of structure which makes 
them very dependable. The broad-leaved trees are more irregular, 
have more pith rays, and are more porous; consequently they 
are more diflScult to work and are less dependable in engineering 
construction. 


PHYSICAL CONSTRUCTION. 

Defects. 

622. From an engineering standpoint there are four important 
classes of defects in timber; irregular grain, knots, checks, and 
shakes. Wood is said to be straight grained when the wood ele- 
ments are straight and run parallel to the axis of the tree trunk. 
Often, however, the elements spiral around the axis of the tree caus- 
ing twisted grain. Wavy grain is caused by large undulations in 
the elements either on radial or tangential planes. Since straight- 
ness of grain is of great importance in wooden beams and tension 
members, careful examination should be made to eliminate twisted- 
grained and wavy-grained timber. 

623. Knots are the beginning of branches which have been sur- 
rounded by the parent trunk. Generally the piths of the branch 
and trank join and the annual rings in the branch are continuous 
downward with the rings in the trunk. The trank fibers above the 
branch, however, do not continue in to the branch. The portion 
of the branch encased while living makes a sound knot; that en- 
cased after the limb dies will make a loose knot or a decayed knot. 
Knots greatly affect the strength and ease of working. 

624. Checks are radial cracks produced by unequal shrinkage 
stresses set up in timber during seasoning. 

625. .Ring-shakes are separations between adjacent annual rings, 
probably due to the bending of the tree by wind. Heart-shakes. 
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are radial cracks beginning at the pith of the very old tree trunks, 
probably due to shrinkage of the heart-wood. Shakes and checks 
decrease the durability of the timber because they directly expose 
the interior wood to moisture and air. They may also greatly 
weaken the resistance of a wooden beam to horizontal shear. 

Density. 

626. The density of woods varies with the amount of contained 
water and with differences in structure. The feature of the struc- 
ture that is the most important in this regard is the average 
thickness of cell walls. The specific gravity of the wood substance 
alone of any species is about 1.55. Due to the porosity of structure, 
however, the specific gravity of wood varies from 0.11 for balsa 
wood to 1.29 for black iron wood. 

627. Shrinkage. — Shrinkage is caused by the change in the thick- 
ness of the walls of the cells, resulting from a loss of moisture; 
the thicker the walls, the greater the shrinkage. As the side walls 
of the cells are thicker than the end walls, the lateral shrinkage is 
greater than the longitudinal ; and as the cells of the summer wood 
have thicker walls than the spring wood, summer wood shrinks more 
than spring wood. Lateral shrinkage is somewhat checked by the 
pith rays, whose direction is perpendicular to that of the main cells 
of the timber. Longitudinal shrinkage amounts to very little; but 









Effects o£ Shrinkage. 


Formation of Checks. 


Fii. 627 A 
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lateral shrinkage causes severe stresses in perpendicular planes, 
making cracks or checks (Fig. 627A) . The radial shrinkage is less 
and more uniform than the tangential, since the summer and spring 
woods alternate in the former direction and are continuous in the 
latter direction. Thus the tangential shrinkage causes the radial 
cracks and the warping of the tangential boards. 

MECHANICAL PROPERTIES. 

628. From the structure of wood itself and from its growth in 
annual rings, it is apparent that it will not offer the same resistance 
to different kinds of stresses. It offers the greatest resistance to 
tensile, bending, and compressive forces which tend to elongate or 
crush the fibers. Less resistance is offered to a shearing force which 
acts in a plane perpendicular to the fibers or grain, and least of all 
to a shearing force which acts parallel to the fibers or grain. 

629. Tensile Strength. — ^When a properly-shaped wooden stick is 
subjected to tensile forces acting parallel to the grain, it is found 
to have greater strength than can be developed under any other 
kind of stress. Wood tension members are, however, rarely used 
because the end connections always involve shear along the grain 
or compression along the grain. The resistance offered to the latter 
stresses is so much less than the tensile strength that economy will 
usually call for the use of steel for tension members. On this ac- 
count, tensile strength is important to consider only in beams, and 
there only when the presence of defects on the lower side of the 
beam reduces the value of the under side in tension to or below that 
for the upper side in compression. 

630. Compressive Strength. — ^When wood is subjected to com- 
pressive forces, acting parallel to the axis of growth (parallel to the 
grain), it is, in proportion to its weight, one of the strongest of 
structural materials. Columns and posts are therefore often made 
of it. The individual cells of wood act as so many hollow columns 
bound firmly together. The wood may fail through crushing of the 
cell walls or through lateral bending of the longitudinal elements. 
In most dry conifers, where the cells have comparatively thin walls, 
the fbrmer failure occurs. In wet or green wood and in hardwoods, 
which are composed of thick-walled cells and vessels, incipient failure 
is due to bending of these elements. Compressive strength (bear- 
ing) across the grain is only a small fraction of the strength parallel 
to the grain. 

631. Shearing Strength. — Although shearing stresses are often 
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unimportant in steel and other materials, in a short, deep wooden 
beam the horizontal shear at the neutral axis may be sufficient to 
produce failure. Across the grain, wood has great shearing 
strength ; with the grain, it has so little that it should never be used 
to withstand a shearing stress in that direction. 

632. Bending Strength. — ^Unless the loading causes high shearing 
stresses or there are defects on the under side of the beam, the 
compressive strength of the wood will be the determining factor. 
The hardwoods as a class considerably exceed the conifers in static 
bending strength. 

633. Table of Mechanical Properties of Timber. 



Breaking Unit 
Stress 

Lbs. per sq. in. 

Safe Unit 
Stress 

Lbs. per sq. in. 


Oak 

10,000 

1,000 

Tension, with grain 

White pine 

7,000 

700 


Yellow pine 

12,000 

1,200 


Oak 

4,500 

900 

Compression, with grain. . 

White pine 

3,500 

700 


Yellow pine 

5,000 

1,000 


Oak 

4,000 

1,000 

Shearing, across grain . . . . 

White pine 

2,000 

500 


Yellow pine 

5,000 

1,250 


Oak 

6,000 

1,000 

Bending 

White pine 

4,200 

700 


Yellow pine 

7,200 

1,200 


Oak 

1,800 

450 

Torsion 

White pine 

• . • • 

. • • • 


Yellow pine 

1,200 

300 

Modulus of longitudinal 

Oak 

900,000 


elasticity 

White pine 

800,000 



Yellow pine 

1,200,000 



634. Hardness. — Hardness refers to the resistance of wood to in- 
dentation and scratching. These properties, together with the 
ability to wear without splintering, determine the wearing resist- 
ance of wood for floors and pavements. Almost all hardwoods are 
harder than the hardest of the conifers. Seasoning greatly in- 
creases the hardness. 

635. Toughness. — Toughness is the capacity to resist blows or 
shocks. The spokes of an automobile, the handle of an axe, must be 
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tough. This property varies with the strength and flexibility. The 
hardwoods excel the conifers in toughness, although long-leaf pine 
is tougher than some of the hardwoods. Green wood, in general, is 
tougher than seasoned wood, because the occurrence of checking 
during drying usually more than nullifies the decrease of water 
content. 


PRESERVATION. 

636. Timber is weakened by dry rot, wet rot, marine borers, and 
insects. It is preserved against these by seasoning, painting, and 
special preservative processes, of which the most important are 
Creosoting, Burnettizing, and Kyanizing. 

Weaknesses. 

637. Dry Rot. — ^Rotting is caused by the attack of bacteria and 
fungi. Each of these has several varieties; but in general they 
thrive better under alternate conditions of moisture and dry air, and 
actually eat up the wood or destroy it by means of solvent chemicals 
which they secrete. If the timber is dry and kept dry, and is not 
freely exposed to the air, the bacteria and fungi can still work if 
there is any sap left in the wood ; this is called “dry rot”. In ex- 
treme cases, a stick of timber may be thoroughly weakened in its 
interior by dry rot while at the surface it may appear to be in perfect 
condition. 

638. Wet Rot. — ^If exposed alternately to moisture and air, timber 
is very quickly weakened by the attacks of bacteria and fungi. This 
is called “wet rot”. It may attack either live or dead timber, and is 
quite common in timber which has been felled and has not been 
seasoned. If, however, timber is thoroughly seasoned and is kept 
constantly wet in fresh water, it will last hundreds of years. Piles 
in London Bridge were sound after 800 years; the piles of Trajan’s 
bridge over the Danube were found to be perfectly sound after 1600 
years in the water. 

639. Marine Borers. — The remarks made about timber placed in 
fresh water apply equally to salt water, as far as they relate to 
decay from rot. Timber immersed in salt water is, however, liable to 
the attacks of two of the destructive inhabitants of our waters, the 
lAmnoria terebrans and the Teredo navalis; the former rapidly 
destroys the heaviest logs by gradually eating in between the annual 
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rings (Fig. 639A) ; and the latter, the well-known ship worm, con- 
verts timber into a perfectly honeycombed state by its numerous 



Tii. 639 A Fig. 639 B 

PlfiT* 639 A Section of birch pile untreated after 7 years use at Portland. Maine. 

This pile was eaten by the Llmnoria Terebrans 
Fiir. 639B Piece of untreated timber after attack by Teredo Navalls 

perforations (Fig. 639B) . They both attack timber from the level 
of the mud, or bottom of the water. 

640. Insects. — ^In the tropics, ants are very destructive; they eat 
out the inside of the wood leaving only the shell which often shows 
no evidence of the cavities beneath. In the temperate climates, two 
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insects, the powder-post insect and the pole borer, attack wood 
which is in contact with the ground. 

Preservation. 

641. Seasoning. — ^Timber is seasoned by expelling the moisture. 
It is not possible to expel all moisture; and even if it were expelled, 
the timber would reabsorb moisture at its first opportunity. 

Natural seasoning consists in piling the timber so that the air 
can circulate freely and dry out the moisture; for good results it 
takes from two to four years. Water seasoning consists in placing 
the timber so that water will leach out the sap; this takes about 
two weeks but the results are not very good. Artificial seasoning 
consists in exposing the timber to hot air in a closed compartment ; 
this seasoning, called kiln drying, takes from four days to two weeks, 
depending upon the temperature and the kind of wood. It is not as 
entirely satisfactory as natural seasoning. Steam is sometimes 
used instead of hot air, resulting in less cracking of the timber. 

642. Painting. — After seasoning, it is desirable to keep the mois- 
ture out of the timber. Painting is one of the methods used for 
this purpose. 

Paint consists of a base, a vehicle, and a solvent. The usual bases 
are red and brown oxide of iron, red and white lead, lampblack, 
and graphite. The vehicle is linseed oil, and sometimes cotton-seed 
oil or fish oil. The solvent is usually spirits of turpentine. The 
solvent makes the paint work more smoothly; the vehicle enables 
the paint to be spread and binds the particles together; while the 
base is the main part of the paint and is the body which covers the 
material being painted. 

643. Creosoting. — Creosote oil, or dead oil, a coal-tar product, is 
the best known preservative. It fills up the cells, keeps out land 
insects and marine borers, prevents the growth of bacteria, and 
preserves the timber. In water, the creosote leaches out somewhat, 
but so does every other preservative. Creosote oil weighs about 
8.8 pounds per gallon; and 10 to 12 pounds are required per cubic 
foot to protect the wood. The creosote oil is forced into the timber 
either by pressure or by boiling the timber in hot oil and then im- 
mersing it quickly in cold oil thus forcing the oil into the expanded 
cells. 

644. Bumettizing. — This process consists in immersing wood for 
several hours in a 2 to 5 per cent solution of zinc chloride under a 
pressure of about 200 pounds per square inch. It is best used for 
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timber exposed alternately to wet and dry atmosphere, such as cross 
ties and damp floors. It is not satisfactory for structural timbers 
because the chemicals weaken the timbers. 

645. Kyanizing. — ^Kyanizing consists in steeping the timber for 
several days in a solution of 1 pound of mercury bichloride (cor- 
rosive sublimate) to 100 pounds of water. It is used for bridge 
timbers and other structural pieces placed in comparatively dry 
places exposed to air and sunlight. 

PURCHASE. 

646. Specifications. — Standard specifications have been adopted 
in different sections of the United States. These are the result of 
experience with the lumber in each section, and should preferably 
be followed. For instance, if an agent on the Atlantic coast wishes 
to buy Oregon pine in the Northwest, he will preferably use the 
specifications prepared for that timber by the Lumber Associations 
in the Northwest. 

647. Authoritative specifications are also prepared by the Ameri- 
can Society for Testing Materials, the American Railway Engineer- 
ing Association, and other large timber users. 

648. Sawing. — ^Wood is sawed in two ways: bastard, when the 
cuts are all parallel to each other; quarter, when the log is first cut 
into quarters and then each quarter divided by cuts parallel to one 
face, or parallel to its faces alternately. Bastard sawing gives tan- 
gential sections ; quarter sawing gives approximately radial sections. 
Quarter-sawed lumber lasts longer, and warps, splinters, and 
shrinks less. 

649. Lumber is sold by the foot, hoard-measure, one foot B. M. 
being the equivalent of a board 1" thick, 1' wide, and 1' long, equal 
to 1/12 cubic foot. Thus a stick of which the dimensions are 
4" X 10" X 18' would be sold for 4x10x18/12 or 60 ft, B. M. 

For more detailed information see: 

“Materials of Construction,” Johnson. 

“Materials of Construction,” Mills. 

“Materials of Engineering,” Moore. 

“Architects and Builders Pocket Book,” Kidder. 
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PROBLEMS. 

P. 601. Show by a figure the part of a wooden beam in which it is most 
undesirable to have knots. 

P. 602. How many 100 gallon drums of creosote oil would be required and 
how much would it cost at $0.07 a gallon to preserve 1000 railroad ties? A 
railroad tie is 6" x 8" x 8'. 

P. 603. A bridge 120' long and 20' wide is to be floored with 5" x 12" plank. 
How many feet B. M. will be required? 

P. 604. How many feet B. M. in the following bill of materials: 

20-2"x4"xl5' 

45 - 1" X 6" X 20' 

18-4"x4"xl8'. 

6 - 6" X 8" X 20' 


i 



CHAPTER VII. 


METALS. 

701. Because of their strength, durability, and homogeneity, the 
useful metals and their alloys form a very important class of engi- 
neering materials. They may be safely exposed to conditions in 
which timber would fail. The principal metallic substances used in 
engineering construction are cast iron, wrought iron, cast steel, and 
structural steel. 

IRON. 

Economic Importance of Iron. 

702. For engineering purposes iron is by far the most important 
of the metals. Its ores are very abundant in nature, which 
fact, together with the accessibility of the deposits and the com- 
paratively low cost of extraction, makes it a cheap metal. The cost 
is about (1924) 1 cent a pound in the form of pig iron, which is 
the raw material used in the manufacture of the structural shapes. 
Production in the United States has now reached upwards of 40 
million gross tons per year, valued roughly at $800,000,000. This 
is about one-half of the yearly production of the world. 

703. Iron Ore. — Ore is the form in which a metal occurs in a 
deposit in the earth and from which it may be commercially re- 
covered. Some metals which it is sought to recover are present 
in the native or metallic form, but iron always exists as a compound 
with other elements, usually as an oxide. Associated with the 
oxide is a varying amount of earthy matter. 

704. Pig Iron. — ^The fundamental principle in the extraction of 
pig iron from the ores is one of deoxidation of iron oxide. Figure 
704A shows a modern blast furnace plant, where the deoxidation 
is effected. Into the top of the furnace proper are put layers of 
fuel (usually coke), ore, and flux (usually limestone) ; a blast of air 
is pumped up through the bottom. The carbon in the fuel bums 
in the current of air to the final form of CO. The CO reacts with 
the iron oxide of the ore to form CO 2 and iron combined with car- 
bon (pig iron). The lime in the fiux combines with the earthy 
matter in the ore and the residual ash of the fuel to form waste 
matter or slag. 

The operation is continuous. The furnace is charged with the 
mixture at the top often enough to keep it well filled. The iron 
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and slag at the bottom are molten and are drawn olf periodically. 
The furnace may run this way steadily for 400 or 500 days, at 
the end of which time repairs to the brick lining and other parts 
are necessary. 

705. Iron comes from the blast furnace plant in “pigs” semi- 
cylindrical in form, about 5" wide, 36" long, and weighing about 
100 pounds. Further operations are necessary before the pig iron 
can be used. The results of these operations are the production of 
commercial cast iron, wrought iron, cast steel, and structural steel. 
The important difference between these four varieties of iron lies 
largely in the quantity of carbon. The lines of demarkation are not 
exact; cast iron and cast steel have much carbon and are brittle; 
structural steel has less carbon and is not brittle ; wrought iron has 
very little carbon and is very malleable. The following table shows 
the principal characteristics: 


Iron 

Percent of Carbon 

Properties 

Cast Iron 

5 to 2 

Very Brittle 

Cast Steel 

2 to .25 


Structural Steel . . . 

5 to .1 


Wrought Iron 

2 to .05 

Very Malleable 


Besides iron and carbon, the above contain different proportions 
of silica, sulphur, phosphorus and manganese, which modify the 
properties but do not change the classification. 


706. These four varieties of iron form the most important group 
of materials in engineering construction. They have strength, 
durability, comparative cheapness, and uniformity, which latter 
quality is not possessed by wood. 

CAST IRON. 

707. Cast Iron is made by remelting pig iron. The molten metal 
is poured into cavities of the desired shapes formed in molding 
sand by the use of wooden patterns. The products of the molds 
are called “castings”. On account of the ease of manufacture, cast 
iron is much used in engineering construction, in the form of hollow 
columns and pipes, which do not require the strength or toughness 
of steel or wrought iron. 

708. Varieties of Cast Iron. — Cast iron is divided into six varie- 
ties, according to their relative hardness. This hardness seems to 
depend upon the proportion and state of carbon in the metal. 
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Manufacturers distinguish the different varieties by the consecu- 
tive whole numbers from 1 to 6. 

No. 1 is known as gray cast iron, and No. 6 as white cast iron. 
They are the two principal varieties. 

Gray cast iron, of good quality, is slightly malleable when cold, 
and will yield readily to the action of the file if the hard outside 
covering is removed. It has a brilliant fracture of gray, sometimes 
bluish gray, color. It is softer and tougher than white cast iron. 

White cast iron is very brittle, resists the file and chisel, and is 
susceptible of high polish. Its fracture presents a silvery appear- 
ance, generally fine-grained and compact. 

The Intermediate Varieties, as they approach in appearance to 
that of No. 1 or No. 6, partake more or less of the properties 
and characteristics of the extreme varieties. 

Numbers 2 and 3, as they are designated, are usually considered 
the best for building purposes, as they are strong without being 
excessively brittle. 

709. A medium-sized grain with a close compact texture indicates 
a good quality of iron. The color and lustre presented by the sur- 
face of a recent fracture are good indications of quality. A 
uniform dark-gray color with a high metallic lustre is an indication 
of the best and strongest iron. With the same color, but less lustre, 
the iron will be found to be softer and weaker. No lustre, with 
a dark and mottled color, indicates the softest and weakest of the 
gray varieties. 

Cast iron of a light gray color and high metallic lustre, is usually 
very hard and tenacious. As the color approaches to white, and 
as the metal changes to a vitreous lustre, hardness and brittleness 
of the iron become more marked; when the extreme, a dull or 
grayish white color with a very high vitreous lustre, is attained, 
the iron is of the hardest and most brittle of the white variety. 

710. Specifications. — The American Society for Testing Materials 
has adopted the following specifications for gray cast iron : 

a. Gray castings shall be made by remelting the iron in the cupola 
furnace. 

&. Sulphur shall be from less than .08% for light castings to less 
than .12% for heavy castings. Light castings have some 
sections less than thick; heavy castings have no section 
less than 2" thick. 

c. The minimum breaking strength of the “Arbitration Bar” (a 
round bar IJ” diameter and 15" long) shall not be under 
2500 pounds for light castings and 3300 pounds for heavy 
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castings. The loads are to be applied at the middle of the 
bars resting on supports 12" apart ; and the deflection must 
be not less than .10" at rupture. 

d. Tensile strength of light castings shall be 18,000 pounds per 
square inch ; that of heavy castings 24,000 pounds. 

711. Defects in castings are caused by improper composition of 
the metal and by carelessness or lack of skill in melting or pouring. 
Improper composition causes weakness and brittleness; careless- 
ness in casting causes air holes and honeycombed cracks, flaws, and 
cold-shut. Air holes and honeycomb are caused by the retention 
of air and impurities in the molten metal while cooling; cold-shut 
is caused by the failure of the metal, poured through two or more 
holes, to cohere at the surface of contact. All of the defects may be 
determined by careful inspection, by hammering the casting, and 
by chemical analysis. 

STEEL. 

712. There are two principal methods, of making steel ; the open 
hearth process, and the Bessemer process. Of these two, the open 
hearth process is under better control and the steel is more uniform 
and of better quality. It is therefore preferred for most structural 
purposes. 

713. Open Hearth Process. — The open hearth process makes 
molten steel out of pig iron and scrap steel. The materials of the 
charge lie in the basin-like bottom or hearth of a reverberatory 
furnace while air and flaming gas pass over the surface of them. The 
flame decarbonizes and desiliconizes the mixture as desired. The com- 
mon practice now in the United States, in the “basic” open hearth 
process, is to use equal parts of pig iron and scrap. The proportion 
depends upon cost; the smaller the percentage of impurities the 
shorter is the operation, but scrap steel costs more than pig iron. 
The basic process requires about 11^ hours when equal parts of pig 
iron and scrap are used. 

714. The special value of the basic process is that it will remove 
phosphortis. The other impurities will oxidize and stay in the slag, 
whether the slag be chemically acid or basic in character. Phos- 
phorus, however, has a great affinity for iron, and if the slag is 
acid, the oxidized phosphorus will not stay in the slag but will re- 
combine with the iron. In order to remove the phosphorus, the 
furnace must be lined with basic materials (magnesite brick being 
used) ; and an excess of quicklime, a strong base, must be added 
to the charge in order to make the slag basic. In the acid process 
the lining is of acid materials (silica brick) and no base is added. 



Metals. 


181 


715. The hearth, H, (Figs. 715A and B) contains the charge. 
The molten pig iron is poured through charging doors, T, from a 
ladle hung on an overhead crane (not shown in the figures) . The 



Fig. 715 A. Open-hearth Steel Plant. 



Fig. 715 B. Open-hearth Steel Furnace. 


other ingredients of the charge (steel scrap, iron ore, and quick- 
lime) are fed through these same doors by the charging machine 
(Fig. 715A) , which is mounted on the truck. 

The fuel, which is usually producer gas, enters through the 
gas flue shown in Fig. 715B, passes up through the brick checker- 
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work, C', and enters the furnace through the port, P'. Air passes 
up through the checkerwork, C", and enters the furnace through 
the port, P". The fuel and air ignite at the ports, burn over the 
hearth, and pass to the chimney through the opposite checkerworks, 
which take heat from the escaping gas. At intervals of about 
twenty minutes, the valves, F, are turned 90 degrees and the di- 
rection of flow of the gases is reversed. By this reversal of flow, 
the gas and air are pre-heated to a high temperature. 

From time to time sample billets are poured, cooled, and tested 
to determine the state of progression of the refining and permit 
the correction of composition by further additions of materials. 
The carbon content is usually reduced below that finally desired. 
Ferro manganese, a pig iron rich in C and Mn, is then added in 
proper quantity. The process is quasi-continuous ; that is, about 
one-eighth is drawn oflf at l|-hour intervals and new materials 
added. 

716. Bessemer Process. — In the Acid Bessemer process (the Basic 
Bessemer process, used abroad, is not considered in this text) , molten 
pig iron is poured into a pear-shaped vessel, called a converter (Fig. 



Fig. 716 A. Bessemer Converter. 
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716A) . A blast of cold air is blown up through the charge and in 
10 minutes oxidizes the foreign elements along with some of the 
iron. No fuel is used ; the initial temperature of the pig iron is 
enough to start burning in such intimate contact with the air, and 
the heat generated by the chemical reaction further raises the 
temperature. The acid Bessemer process is the only one used in 
the United States. For the same reason that applies in the case 
of the acid open hearth process, the acid Bessemer process cannot 
remove phosphorus. Since it is not permissible for steel to contain 
more than 0.10% phosphorus and the quantity of ore of less than 
that content is limited in this country, practically no new furnaces 
use the Bessemer process, all using the open hearth process. 

717. The blowing process is accompanied by a roaring flame 
issuing from the top of the converter. The flame changes its 
violence and color in such a manner that at the end, as the last 
carbon burns, the flame indicates that fact accurately. There is no 
time for testing samples, the blowing being continuous until the 
flame indicates the above; the steel is then recarbonized to the 
desired amount by adding molten ferro manganese to the converter 
before pouring. 

718. Fig. 718A shows the relative order of the processes through 
which iron must go in a modern iron and steel plant in order to 
be transformed from ore to rolled steel shapes. 

Cast Steel. 

719. The molten metal is poured into molds made with patterns 
in the same general manner as cast iron. Cast steel develops the 
same weaknesses as cast iron but to a less extent. It is much less 
uniform than is structural steel. 

720. Specifications. — The following are the specifications for cast 
steel adopted by the American Society for Testing Materials : 

а. Ordinary castings shall not contain over .40 per cent of carbon 

nor over .08 per cent of phosphorus. 

б. Tensile strength of medium castings shall be 70,000 pounds 

per square inch. 

c. Large castings are to be suspended and hammered all over; 

no cracks shall appear. 

d. A specimen 1^" in diameter shall bend cold 90° to 120° 

around a diameter of 1" without fracture. 

Structural Steel. 

721. In making structural steel, the molten metal is poured into 
molds to form ingots, which are taken to the rolling mill where 
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they are reheated in the soaking pits and rolled into the desired 
shape. The rolling consists in running the hot metal between 
rolls which give the metal the desired shape; the hot metal is 
squeezed more and more as it passes from one set of rolls to 
another until it is finally in the form in which it is sold: rails, 
angles, I-beams, etc., as explained later. 


722. Specifications. — Structural steel must fulfill the following 
minimum requirements : 


Kind 

Tensile Strength 

Elongation 

Rivet or very soft. . . 

45,000 to 55,000 lbs. 

28% 

Soft, low, or mild. . . 

52,000 to 62,000 lbs. 

26% 

Medium 

55,000 to 65,000 lbs. 

25% 


723. The following specifications are those required by the Chief 
Engineer of the Williamsburg Suspension Bridge over the Bast 
Kiver, New York, for the structural steel: (Those of the American 
Society for Testing Materials are practically the same.) 

“All steel shall be made in an open hearth furnace lined 
with silica. 

“The finished steel shall not contain more than the following 
proportions of the elements named : 

Phosphorus 07 of one per cent 

Sulphur 04 “ “ “ “ 

Manganese 50 “ “ “ “ 

Silicon 10 “ “ “ “ 

Copper 02 “ “ “ “ 

“Specimens cut from the finished material shall have the 
following physical properties: 


Description of Material 

Strength in lbs. 
per sq. inch 

Elongation per 
cent in 8" 

Reduction per 
cent in area 

Shapes and universal 
mill-plates 

60,000 to 68,000 

22 

44 

Shear-plates 

60,000 to 68,000 

20 

44 ■ 

Rivet-rods 

54,000 to 60,000 

25 

50 


“All specimens cut from plates and shapes shall bend cold 
180° around once the thickness of the specimen; when at or 
above red heat, 180° flat; and when quenched in water at a 
temperature of 80° F., 180° around three times the thickness 
of the specimen. Specimens cut from rivet-rods shall bend 
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180"^ flat when cold, when at or above red heat, or when 
quenched from a light yellow heat in water at a temperature 
of 60° F. 

‘'The elastic limit of the steel shall not be less than one-half 
the ultimate strength. 

“All bending tests shall show no signs of fracture on the out- 
side of the bent portion. 

“The fracture of all tension tests shall have a cup or angular 
shape and shall have a fine silky texture, of a bluish-gray or 
dove color, free from black or brilliant specks. 

“All rolled or forged material shall be entirely free from 
piping, checks, cracks, and other imperfections, and shall have 
smooth-finished surfaces and edges. 

“Rivets cut out of the work, when required by the engineer 
or his representative, shall be tough and show a silky texture 
without a crystalline appearance. 

“Rigid tests will be made to guard against all red-shortness 
(excess of sulphur)/’ 

Wire. 

724. The process for making wire is similar to that for structural 
steel, except that the heated metal is rolled into the shape of rods. 
The rods are cooled and then drawn many times through holes in a 
steel plate. This gives them great tensile strength; the required 
tensile strength is generally 200,000 pounds per square inch. 

Properties of Steel. 

725. Hardening, Tempering, and Annealing. — Steel is hardened 
by heating it to a temperature of about 1300° F., called a yellow 
heat, and then plunging it into a bath of water or oil. It can then 
be annealed or made as soft as possible by reheating it to about 
1300° F. and cooling it slowly. Hardened steel is tempered (tough- 
ened) by heating to a temperature below 700° F., called a dull red 
heat; the higher the temperature below 700° F., to which it is re- 
heated the tougher it becomes. 

726. Welding by hand consists in heating two pieces of metal, 
placing one on top of the other, and hammering them so that they 
unite. Soft steel can easily be welded, medium steel orly imperfectly, 
and hard steel not at all by the ordinary processes. By using elec- 
tricity, oxyacetylene torch, or thermit to melt the two pieces, it is 
practicable to weld hard steel pieces: no hammering is necessary, 
and no pressure except with electricity. A welded joint averages 
roughly half as strong as an unwelded solid bar of the same size, 
but may be from 30% to 100% as strong. 
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WROUGHT IRON. 

727. Wrought iron, in a perfect condition, is really pure iron. 
Naturally, this condition cannot be attained. Certain grades of pig 
iron are placed in a reverberatory furnace, and melted. During a 
stage of the process, the metal is stirred by a workman in order to 
insure contact of all parts with the material forming the lining of 
the sides, which is rich in oxides. This process is called puddling. 
The metal is taken off in balls of convenient size, and these are 
hammered or squeezed so as to expel the slag. The material is then 
rolled into the desired shape. 

728. Appearances of Good Wrought Iron. — The fracture of good 
wrought iron should have a clear gray color, metallic lustre, and a 
fibrous appearance. A crystalline structure indicates, as a rule, 
defective wrought iron. Blisters, flaws, and cinder holes are de- 
fects due to bad manufacture. 

The strength of wrought iron is very variable, as it depends not 
only on the natural qualities of the metal, but also on the care 
used in the forging, and upon the greater or less compression 
of the fibers when it is rolled or hammered into bars. 

729. Specifications. — ^The following are the specifications for 
wrought iron adopted by the American Society for Testing Ma- 
terials : 

а. The elastic limit shall be not less than 25,000 pounds per 

square inch. 

б. The ultimate strength shall be not less than 48,000 pounds per 

square inch. 

c. A cold bar of the poorest grade must be capable of being bent 

180° around a bar twice its diameter or thickness. 

OTHER METALS. 

730. Copper. — After iron and steel, copper is the most important 
metal in engineering practice. It is used principally in sheets for 
roofing and in ware for electrical purposes. Copper is harder and 
more tenacious than any other metal used in engineering structures, 
excepting iron. Copper wire has a tensile strength of 36,000 pounds 
to 60,000 pounds. Copper is very durable under ordinary atmos- 
pheric conditions and does not rust. 

731. Tin. — ^In engineering construction, tin is used in tin-plate 
which is sheet iron covered wdth tin. Good tin-plate is plated with 
pure tin, and appears bright and even. Poor tin-plate is plated with 
dark aUoy, and is dark and rough. 
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732. Zinc. — ^Zinc is extremely durable when exposed to the action 
of the weather, and is therefore much used to coat sheet iron and 
iron wire. Galvanized iron is iron dipped in melted zinc. 

733. Lead. — Lead is used in sheets and in lead pipes. It does 
not rust. 

PROPERTIES OF METALS. 

734. The metals, with the elements in combination with them, 
have properties which give them different values for engineering 
construction. Some are rust-proof, others are brittle or tough or 
ductile. The table below shows the principal ultimate values in 
pounds per square inch which determine their special uses for engi- 
neering purposes: 



Ulti- 

mate 

Tensile 

Str'gth 

Elastic 

Limit 

Net 

Com- 

pressive 

Stp’gth 

Net 

Bend- 

ling 

Str'gth 

Net 

Shear- 

ing 

Str’gth 

Modulus of 
Elasticity 

Remarks 

Copper 

Cast Iron.. 

Cast Steel 

Structural Steel 
Wrought Iron. . 

Lead 

Tin 

Zinc 

32.000 

18.000 
70,000 

70.000 

48.000 
1,800 
3,500 
6,000' 

10,000 

6,000 

31,600 

36.000 

26.000 

1,800 

4,000 

40.000 

80.000 

70.000 

60.000 

48.000 

6,000 

18.000 

22,000 

36.000 

70.000 

60.000 
48,000 

4.000 

7.000 

30,0001 

20,000 

60,000 

50.000 

40.000 

10,000,000 

16,000,000 

30,000,000 

30.000. 000 

27.000. 000 
1,000,000 
4,000,000 

13.000. 000 

Does not rust. 

Very brittle. 

Brittle. Strong. 
Malleable. 

Expensive ; very malble 
Does not rust; ductile. 
Principally for plating. 
Does not rust; princi- 
pally for galvanizing. 


735. The weight of iron is about 450 pounds per cubic foot; 
copper weighs 556, zinc 428, and lead 710 pounds. The specific 
gravity, therefore, varies from 6.8 for zinc, through 7.2 for iron 
and 8.8 for copper, to 11.38 for lead. 

PRESERVATION. 

736. On coming from the mill, iron is covered with a scale, called 
mill scale. This should be removed before any paint is put on the 
metal, as the scale may later flake off and expose the metal. The 
mill scale is removed by (1) cold rolling, which, however, costs 
(1924) $2.00 per ton; (2) sand blast; (3) steel scrapers or wire 
brushes. The latter is generally the most satisfactory. 

737. Many engineers prefer that the metal be not painted before 
leaving the mill, but be covered simply with a coat of pure linseed 
oil. The oil penetrates the surface and temporarily prevents rust; 
and it does not cover up any imperfections which, if hidden by paint, 
might not be noticed when the metal is put into place in a structure. 

738. Paint is the final preservative for metals. The lead paints 
and the carbon paints are generally used ; asphalt (tar) paints are 
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also used ; coal tar, or a special system of baking asphalt tar on 
metal is specially used for water pipes. One gallon of paint is suf- 
ficient to cover with two coats about 600 square feet of surface. 

PURCHASE. 

739. Metal is generally bought by the pound, or in large quanti- 
ties by the ton. Standard commercial shapes are preferably 
selected, as the cost of these shapes is much less than the cost of 
making special shapes. This applies especially to structural steel ; 
cast iron and cast steel are easily made into special shapes, the 
principal cost being that of making the special wooden pattern for 
the mold for casting. 

740. Figures 740A to R show standard forms in which metals 
are manufactured for commercial use. 

Cast Iron: hollow round columns (A), and hollow rectangular (B) 
columns. 

Structural Steel; railway rails (C) ; eye bars (D) ; tie rods (E) ; 
round bars (F) ; square bars (G) ; channels (H) ; I-beams (I) ; 
angles (J) ; compound shapes, such as latticed channel columns 
(K), plate and channel columns (L), plate and angle columns 
(M), box girders (N), plate girders (0). 

Wrought Iron: water pipes (P) ; round bars (Q) ; and rectangu- 
lar bars (R). 

For more detailed information see: 

Iron and Steel, Thurston. 

Materials of Construction, Johnson. 

Materials of Construction, Mills. 

Materials of Engineering, Moore. 

PROBLEM. 

P. 701. What is the carrying power of a beam 20' long loaded at the center 
with a concentrated weight (a) if a 20" at 90 pounds I-beam is used, (b) if 
the same amount of metal is rolled into a square section? 
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NATURAL AND ARTIFICIAL STONES. 

801. The term Stone or Rock is applied geologically to any ag- 
gregation of several" mineral substances which form an essential 
part of the earth’s crust. As a building material, stones may be 
either natural or artificial. 

Natural Stones may be subdivided into three classes : the silid- 
ous, the argillaceous, and the calcareous, according as silica, clay, 
or lime is the principal constituent. 

Artificial Stones are imitations of natural stones, made by con- 
solidating fragmentary solid material by various means ; they may 
be subdivided into classes as follows: 

1st. Those in which solid materials are mixed together and con- 
solidated by baking or burning : as brick, tiles, etc. 

2nd. Those in which solid materials are mixed with some fluid 
or semi-fluid substance, which latter, hardening after- 
wards by means of chemical combinations, binds the 
former firmly together: as ordinary concrete, patent 
stone, etc. 

3rd. Those in which the solid materials are mixed with some hot 
fluid substance which hardens upon cooling: as asphaltic 
concrete, etc. 

802. The mineral substances which form stone, or which are pre- 
pared from stone, are used in construction in the following forms : 
Natural stone. Brick, Lime, Cement, Sand, Gravel, Broken stone. 
Mortar, Bituminous materials. Concrete, Reinforced concrete. 

803. The qualities required in stone for building purposes are 
so various that no very precise directions can be given to meet 
exactly all cases. What would be required for a sea-wall would 
be unsuitable for a dwelling house. In most cases the choice 
is limited by the cost. The most essential properties of stone as 
a building material are strength, hardness, durability, and ease of 
working. These properties are determined by experience or actual 
experiment. 

All stones, whether natural or artificial, must be selected with a 
view to their fitness for the particular duty which they are to per- 
form in a structure. 
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NATURAL STONE. 

804. Composition. — The important building stones classified ac- 
cording to their principal constituents, are: 

a. Silicious, as quartz, granite, gneiss, trap, sandstone. 

h. Calcareous, as limestone, marble. 

c. Argillaceous, as slate, bluestone. 

805. Classified according to manner of formation, they are: 

a. Sedimentary or stratified, as sandstone, common limestone. 

b. Igneous or unstratified, as granite, trap. 

c. Metamorphic, as gneiss, marble, slate. 

806. The stratified stones are easily separated along the planes 
of stratification, and are, therefore, more easily quarried than un- 
stratified stones. A stratified stone should be laid with its planes 
of cleavage perpendicular to the maximum force to which it is sub- 
jected, as it thus offers the greatest resistance. If laid with its 
planes of stratification parallel to its exposed surface, it is not only 
weaker but it flakes off under the action of frost. 

Some of the metamorphic stones, such as gneiss and slate, have 
surfaces or planes of cleavage similar to planes of stratification. 
They should therefore be treated as stratified stones. 

Unstratified stones are quarried in blocks, which may be as large 
as their strength to resist the bending stresses involved in their 
movement allows; they are preferably used in structures where 
massive effects are desired. 

The metamorphic rocks without planes of cleavage, e. g., marbles, 
are also equally strong in all directions, and may be treated as 
unstratified stones. 

Physical Qualities. 

807. Specific Gravity. — ^Natural stones range in specific gravity 
from 2.2 to 2.8. For average computations, the weight is taken 
as 160 pounds per cubic foot. 

808. Hardness. — This property is ascertained by actual experi- 
ment and by a comparison made with other stones which have 
been tested. It is an essential quality in stone exposed to wear by 
attrition. Stone selected for paving, flagging and for stairs should 
be hard and of a grain too coarse to admit of becoming very smooth 
under the action to which it is submitted. 

By the absorption of water, stones become softer and more 
friable. 
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809. Freezing. — Frost, dr rather the alternate action of freezing 
and thawing, is one of the most destructive agents of nature with 
which the engineer has to contend. Its effects vary with the texture 
of the stone; those of a fissile nature usually split, while the more 
porous varieties disintegrate, or exfoliate at the surface. When 
stone from a new quarry is to be used, the best indications of 
its resistance to frost may be obtained from an examination of any 
rocks of the same kind within its vicinity which are known to have 
been exposed for a long period. Submitting the stone fresh from 
the quarry to the direct action of freezing would seem to be the 
best test, if it were not that there are some stones that are much 
affected by frost when they are first quarried, due to the moisture 
in the stone, which moisture is lost by exposure to the air, and 
never reabsorbed to the same amount. 

810. Strength. — Among stones of the same kind, the strongest is 
almost always that which has the greatest density. 

As stone ordinarily has very great crushing strength, it will 
be only in particular cases that the resistances to this strain need 
be considered, since the strength of stone, in this respect, is greater 
than is generally required of it. If its durability is satisfactorily 
proved, its strength, as a rule, may be assumed to be sufficient. 

811. Durability. — In engineering practice, stones are subjected to 
chemical and mechanical agencies. The principal chemical agents 
are the sulphuric and carbonic acids in the air, resulting from the 
burning of gas, coal, etc. These acids attack every constituent of 
stone except silica. The silicious stones are therefore the most 
durable, and the limestones the least so. If the acids attack the 
cementing substances of the stone, the stone will crumble ; if they 
attack the grains, a spongy, porous stone will result. The dura- 
bility of a stone is, therefore, chiefly dependent upon its mineral 
constituents. Laboratory tests furnish some indication of the 
durability of a stone under the attacks of chemical agents, but the 
only thoroughly reliable test is to expose the stone for a long time 
to the conditions under which it is to be used. 

812. The principal mechanical agents to which stones are sub- 
jected in engineering practice are friction, concmsion, winds, rains, 
and changes of temperature especially near the freezing point. 
The effects of friction and concussion are seen in the paving stones ; 
the wear of winds and rain is seen on the surfaces of buildings, 
especially in ornamental work where sharp edges are exposed to 
their action ; the results of changes of temperature are seen especi- 
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ally in temperate climates where frost and ice crumble the stones, 
and in fires where the hot stones are drenched with cold water. 
The order of durability under ordinary conditions is usually : sand- 
stone, granite, marble, ordinary limestone, porous sandstone. 

Preservation. 

813. Both natural and artificial stones are preserved, like wood, 
by coating them with an impervious covering. The different pre- 
servatives used for this purpose are paint, boiled linseed oil, melted 
paraffin, and a mixture of alum and soft soap dissolved in water. 
There are several special chemicals by which the stone is covered 
with a liquid which leaves an insoluble salt in the pores of the stone. 

Quarrying. 

814. If the engineer should be obliged to get out his own stone 
by opening a new quarry, he should pay particular attention to the 
best and cheapest method of getting it out and hauling it to 
the point where it is to be used. He will, if possible, open the 
quarry on the sides of a hill, and arrange the roads in and lead- 
ing to it with gentle slopes to reduce the work of the animals 
or motor trucks. The stone near the surface, not being so good as 
that beneath, is generally discarded. The mass or bed of stone 
being exposed, a close inspection will discover the natural joints or 
fissures along which the blocks will easily part. 

815. The drills used in quarrying are hand, churn, or steam 
drills. Hand drills are short blunt chisels driven in by blows from 
a hand-hammer or sledge. Churn drills are longer drills which 
make holes 3' to 5' deep by being continually dropped a short 
distance. Steam or compressed-air drills are driven by one of those 
agents. In quarries of sandstone, limestone, and marble, a chan- 
neling machine is often employed, which cuts a continuous groove 
instead of a series of holes. A hollow revolving drill or diamond 
drill is employed so as to obtain core specimens for the study of 
the character of the stone. Explosives employed in quarries are 
usually slow-acting, as the stone is thus lesg shattered. 

Tests. 

816. The tests of building stones are chemical and mechanical. 
The chemical tests determine the composition of the stone and the 
probable results of exposure to the conditions to which it will be 
subjected in the structure. The mechanical tests determine the 
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amount of absorption, the action of the stone when exposed to 
freezing temperature in a saturated condition, its action when ex- 
posed to a conflagration, and its crushing strength. 

817. The absorption test consists in drying the specimen in an 
oven, weighing it and then immersing it for a long time in water. 
After removal from the water, it is exposed to the air until the 
surface-water is evaporated and then weighed again. The differ- 
ence in weight before and after immersion gives the weight of the 
water absorbed. 

818. The freezing test consists in repeatedly saturating a speci- 
men with water and alternately freezing and thawing it; then 
finally weighing it to determine its loss by breaking off of material. 
The fire test consists in subjecting it to high heat and dashing it 
with cold water. The crushing strength is determined by crushing 
the specimen in a testing machine. 

BRICK. 

819. A brick is an artificial stone, made by moulding prepared 
clay into a form of the requisite shape and size, and hardening it, 
either by baking in the sun or by burning in a kiln or other con- 
trivance. When hardened by the former process it is known as 
sun-dried, and by the latter as burnt-brick, or simply brick. 

820. Sun-dried Brick. — Sun-dried brick have been in use from 
the remotest antiquity, having been found in the ruins of ancient 
Babylon. They were used by the Greeks and Romans, and especi- 
ally by the Egyptians. At present they are seldom employed. 

They were ordinarily m.ade in the spring or autumn, as they dried 
more uniformly during those seasons ; those made in the summer, 
drying too rapidly on the exterior, were apt to crack from subse- 
quent contraction of the interior. 

It was not customary to use them until two years after they 
were made. 

Brick, known as adobes, made of earth hardened in a similar 
way, are found in parts of our country and in Mexico. They 
furnish a simple and economical mode of construction where the 
weights to be supported are moderate, and where fuel is very scarce 
and expensive. This mode, however suitable for a very warm, is 
not suitable for n temperate climate. 

Manufacture. 

821v The clay is mixed with water by hand or machine until it 
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forms a paste. This paste is placed in molds and taken to the 
drying floor, which is in the open air or in a drying house. 

822. Burning. — ^The next stage of manufacture is the burning. 
The brick are arranged in the kiln so as to allow the passage of 
the heat around them. A verj’- moderate fire is next applied under 
the arches of the kiln to expel any remaining moisture from the 
raw brick; this is continued until the smoke from the kiln is no 
longer black. The fire is then increased until the brick of the 
arches attain a white heat; it is then allowed to abate in some 
degree, in order to prevent complete vitrifaction ; and it is thus 
alternately raised and lowered until the burning is complete, as 
ascertained by examining the brick at the top of the kiln. The 
brick should be slowly cooled; otherwise they will not withstand 
the effects of the w^eather. The length of time of burning varies, 
but is often as much as fifteen days. 

823. Classification. — Common brick are classified according to the 
method of molding, into hand-made, machine-made, and pressed 
brick. Pressed brick are made by compressing partially dried 
brick in suitable molds under heavy pressure. 

824. Characteristics of Good Brick. — Good brick should be reg- 
ular in shape, with plane surfaces and sharp edges ; the opposite 
faces should be parallel, and adjacent faces perpendicular to each 
other. 

They should be free from cracks and flaws ; be hard ; possess a 
regular form, and uniform size ; and, where exposed to great heat, 
be infusible. 

They should give a clear ringing sound when struck ; and when 
broken across, they should show a fine, compact, uniform texture, 
free from air bubbles, cracks, and pebbles. 

825. Size and Weight. — There is no standard size in the United 
States, but the usual size is 8J" by 4" by 2J". Because of the 
shrinkage in burning, the size is not exactly uniform. Pressed 
brick weigh about 150 pounds per cubic foot, hard bri(^ about 125 
pounds, and inferior soft brick about 100 pounds per cubic foot. 
Common brick average about 4^ pounds each. 

Special Forms of Brick and Clay Products. 

826. Paving-brick. — ^Paving-brick are used in street pavements, 
stable floors, etc. They are made of clay in the form of shale, which 
has a higher percentage of flux than common brick-clay, and are 
burned at a higher temperature than common brick, thus making 
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a compact semi-vitrified brick (paving^-brick). A paving-brick 
should be hard and tough, and should absorb little water even after 
its surface is worn off. 

827. Fire-brick. — ^Fire-brick are made of refractory clay which 
contains no lime or alkaline matter, and remain unchanged by a 
degree of heat that would vitrify and destroy common brick. They 
are baked rather than burnt, and their quality depends upon the 
fineness to which the clay has been ground and the degree of heat 
used in making them. 

828. Terra-cotta. — Terra-cotta is a specially prepared clay which 
has been molded into ornamental forms and baked. It is made of 
different varieties of selected clays, mixed together with ingredients 
which make the mixture slightly fusible, formed in plaster molds, 
and then baked. 

829. Tiles are a variety of brick, and from their various uses are 
divided into four classes, vi 2 . : building, roofing, paving, and drain- 
ing tiles. 

830. Glazed and Enameled Brick. — ^These are special varieties of 
brick with a glazed or enameled surface, which may be made any 
desired color. 

831. Vitrified Sewer-pipe and Sewer-blocks. — Sewer-pipe is made 
of selected clay; molded by machinery, dried, placed in a kiln, and 
gradually exposed to a high heat. At the proper temperature, 
coarse salt is thrown on the fire, forming a salt vapor which com- 
bines with the silica of the clay and forms a soda-salt (glass-like) 
coating on the sewer-pipe. Sewer-blocks are similar to sewer-pipes ; 
they are used to replace the bottom courses in a brick sewer. 

LIME. 

832. Lime is made by burning limestone to about 900 ° C. so as 
to drive off the carbon dioxide. The chemical reaction is 

CaCOs (limestone) ■+ heat = CaO (lime) -f CO 2 

The lime (CaO) will take up water, thus 

CaO -f HsO = Ca(OH )2 (slaked lime) 

This is the form in which it is used. Water and sand are added 
to the lime, thus forming a mortar. This is used in engineer- 
ing construction. On being exposed to the air, CO 2 is absorbed 
from the air, and the water evaporates; so that the final uniting 
material in the structure is again limestone, practically as in the 
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beginning except now it has sand in it and has been worked into 
suitable position and shape, and also acts to unite the adjacent 
materials. Chemically, the action is . 

Ca(0H)2 + CO 2 = CaCOs (limestone) + H 2 O (evaporated) 
Manufacture. 

833. Although it is possible to make lime simply by burning 
limestone in the open air, it is usually made in a special receptacle. 



Fig. 83S A. K^stone Separate-feed Lime Kiln. 

called a Min (Fig. 833A), which is a large cylindrical chimney 
ordinarily lined with fire-brick. There are two methods of manu- 
facture, the intermittent and the continuous. 
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In the intermittent process, a complete charge is burned at one 
time, and all of it is removed from the kiln before a new charge 
is added. The fire is at the bottom of the kiln, and is usually 
separated from the limestone by an arch of brick. 

In the continuous process, there are two forms: (1) the fuel is 
placed near the bottom and around the circumference of the lime- 
stone chamber (Fig. 833 A) so that the limestone is changed to lime 
as it passes by and is burned; (2) alternate layers of fuel and lime- 
stone are placed in the chamber, and the fire at the bottom passes 
successively from one layer of the fuel to the other, burning the 
limestone so that it is lime when withdrawn at the bottom. 

Properties. 

834. When water is added to lime, the change from CaO to 
Ca(0H)2 is accompanied by great heat. Therefore, lime must be 
stored in protected places, as fires have often been caused by the 
slaking .of lime due to the presence of water. Lime will often 
absorb water from the air and slake itself, though the moisture 
is absorbed so gradually that very great heat does not often result. 

835. Lime in storage will, while absorbing moisture from the 
air, at the same time absorb CO 2 , so that the limestone is again 
formed. In a limited time this absorption will not extend more 
than a few inches from the surface ; therefore, it is possible to use 
the greater part of the lime after throwing away the hardened sur- 
face. 

836. The process in construction work of reformation of lime- 
stone from the Ca(OH )2 and sand (mortar) is slow, as it is a 
continuous process of absorption of CO 2 from the air and evapora- 
tion of water ; and it becomes slower and slower as the outer parts 
become stone and there is less facility for evaporation and absorp- 
tion. For mortar placed between brick, it may take years to change 
the central portions into stone. 

837. Hydraulic lime is made from certain varieties of silicious 
and argillaceous limestone. It has qualities very much like those 
of cement, as it hardens under water, and hardens throughout, and 
not simply gradually from the surface inward. 

CEMENT. 

838. Cement is made by burning certain natural or artificial 
combinations of calcium carbonate with alumina, magnesia, and 
silica; iron and other elements usually being present in small 
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quantities. Cement differs in manufacture from lime in its 
constituents, the temperature of burning, and in that it must 
be ground to a powder as it will not break up of itself under action 
of the air. Its vital difference, as compared with lime, is that it 
will set under water. It absorbs water less quickly from the air. 

839. Cements are classified as : natural cement, Portland cement, 
and slag cement. 

Natural cement is obtained by burning a natural rock which has 
the proper ingredients in approximately the correct proportions. 
The temperature is about 1200° C., which is below that of incipient 
fusion. Natural cement is also called quick-setting, light, American, 
and Eosendale. 

Portland cement is the product obtained by finely pulverizing 
clinker produced by calcining to incipient fusion an intimate and 
properly proportioned mixture of argillaceous and calcareous ma- 
terials, with no additions subsequent to calcination excepting water 
and calcined or uncalcined gypsum. The amount of Portlant cement 
used each year is 100 times that of both the other classes, being 
about 140,000,000 barrels (1923) . Portland cement is next to timber 
and steel in importance as a structural material. It is by far the 
most important of all masonry materials; it is used in monolithic 
concrete, in foundations, footings, piers, abutments, dams, retaining 
walls, etc., also in reinforced concrete in walls, floors, roofs, bridges, 
tunnels, subways, highways, etc. 

Slag cement is obtained by mixing proper proportions of slaked 
lime and granulated blast-furnace slag; the mixture is not burned. 
This cement will set under water. It is also called puzzolan cement, 
from the town of Puzzuoli near Naples, Italy, where it was first 
discovered as puzzolana, a naturally burned mixture of volcanic 
origin. 

Manufacture of Portland Cement. 

840, Mixing. — ^American made Portland cement has an average 
chemical composition by weight of 


, CaO 62.0% 

SiOi 22.0% 

AI2O3 8,0% 

Fe^Oa 2.5% 

MgO 3.0% 

SOs 1.5% 

Miscellaneous 1.0 % 


100 . 0 % 
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841. Fig. 841A shows the complete process of manufacture. 
For mixing, it is seen that the different materials are (1) dried in 
the drying kilns, (2) pulverized in the ball mills; (3) weighed to 



the proper proportions in the weighing scales, and then put to- 
gether in the mixing hopper in these proper proportions. The 
mixing hopper may use the wet process whereby the mixture is 
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turned out in a wet thoroughly-mixed paste, or it may use the dry 
process whereby the ground materials are thoroughly mixed to- 
gether so as to produce an intimate blending. From the mixer, 
the materials pass to the tube mills, where the mixture is ground 
to a fine powder. 

842. Calcination. — ^The powder is burned, to a clinker in the kiln, 
which is a rotary tubular furnace, lined with fire brick, and ar- 
ranged to rotate on rollers. The furnace is not horizontal but has 
a slope of about 5%, so that the material fed in at the high end is 
gradually worked to the bottom and burned on the way. 

843. Grinding. — The hot clinker is cooled in storage bins. Then 
it is ground into small pieces in the preliminary mills. Next, 
2% to 3% by weight of gypsum (calcium sulphate) is added 
in order to strengthen the cement by making it slow-setting. 
Finally, the mixture is ground to powder in tube mills similar to 
those which ground the mixture for the kiln. After this last grind- 
ing, the cement is put into storage bins, ready for placing in sacks 
or barrels. 

Properties. 

844. The standard specifications for concrete and reinforced 
concrete (1924) of The American Society for Testing Materials 
require the following tests of Portlant cement: chemical analysis, 
soundness, fineness, tensile strength, specific gravity, and time of 
setting. 

Chemical Analysis. — The specifications state that the following 


linoits shall not be exceeded : 

Loss on ignition, per cent 4.00 

Insoluble residue, (HCl is principal solvent), 

per cent 0.85 

Sulphuric Anhydride (SO3) , per cent 2.00 

Magnesia (MgO), per cent 5.00 


Soundness. — Unsoundness is due to presence of free lime which 
expands on contact with water and causes disintegration. This' is 
tested by making on a glass plate a pat of neat cement, which is a 
small cone or spherical segment 3" in diameter and Y' thick at the 
center, and exposing it to moist air for 24 hours. The pat is then 
placed 1" above water which is gradually raised to the boiling point, 
and kept there for 5 hours. The pats should remain attached to the 
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plates, and should show no signs of cracking or expanding or other- 
wise disintegrating. 

Fineness. — The adhesive power of cement depends upon its fine- 
ness. The specifications require that 78% of Portland cement shall 
pass through a No. 200 sieve which has 200 wires to the inch, each 
wire being .002" in diameter, thus making a sieve with 40,000 open- 
ings per square inch, each hole being about .0029" square. 

Tensile Strength. — ^For the purpose of making this test, a cement 
mortar of 1 part cement and 3 parts standard sand is molded into 
briquettes (Fig. 844A) with a cross-section of 1 square inch at 



Fi£. 844 ^ 


the smallest section. The briquettes must at the end of 1 day in 
moist air and 6 days in water, have a tensile strength of 200 pounds 
per square inch, and at the end of 1 day in moist air and 27 days 
in water, have a tensile strength of 300 pounds per square inch. 

Specific Gravity. — This test is required for the purpose of deter- 
mining whether a Portland cement has been adulterated, as adulter- 
ating materials have a less specific gravity than pure Portland 
cement. The specific gravity must be not less than 3.10. 

Time of Setting. — Cement must not set either too rapidly or too 
slowly. Therefore, two limits are prescribed, known, respectively, 
as the initial set and the final set. The initial set is attained when 
a neat cement paste will just bear without indentation a wire 1/12" 
in diameter, supporting a weight of i pound ; the final set is attained 
when the paste will bear without indentation a wire 1/24" in di- 
ameter, supporting a weight of 1 pound. The specifications require 
not less than 60 minutes for the initial set, and not more than 10 
hours for the final set. 

SAND, GRAVEL, AND BROKEN STONE. 

845. Sand should consist of clean, hard, uncoated grains free 
from impurities, such as mud and organic matter. Sand from pits 
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is usually sharp and clean; sand from rivers and lakes and the 
sea is usually not sharp and often not clean. Sand is principally 
used in making mortar and concrete. 

846. Gravel is an aggregate of small rounded stones having a di- 
ameter of about y to If". It is employed principally in making 
concrete; also, somewhat, in making roads. Pit gravel is gener- 
ally better than river gravel. 

847. Broken Stone is obtained by crushing stone to a size usually 
lUot greater than 2". When needed in large quantities, it is broken 
by a stone crusher, and passed through an inclined revolving screen 
with holes of the proper size. The tougher the stone, the better 
the product. Broken stone is used in concrete and in making roads. 

MORTAR. 

848. Mortar is made by mixing water, sand, and slaked lime or 
cement. In making lime mortar, water is first added to the lime to 
slake it; that is, make it into Ca(OH) 2 . In maki ng cement mortar, 
it is not necessary to add water first; aU the ingredients may be 
mixed at one time. The proportions are usually about 1 part of 
lime or cement to 2 or 3 of sand. The binding material is the lime 
or cement ; the sand is simply an inert material which fills voids and 
makes the mortar cheaper without materially weakening it. 

Mortar is used to bind stone together, as in walls. Also it is used 
as surfacing for sidewalks and for the outside of concrete mono- 
liths and exposed joints. 

BITUMINOUS MATERIALS. 

849. The most important single bituminous material is asphalt, 
which is native bitumen. It is found in stone and in liquid form, 
but the most important asphalts are the Bermudez and Trinidad 
asphalts which are in the form of pitch and are about 90% pure 
bitumen. 

Bituminous materials are used in mortars to surface roads; as 
binders to cement the crushed rock of roads ; and as road surfacing 
in the form of crushed asphaltic rock which is rolled and binds it- 
self together. Also, since the bituminous materials are water- 
proof, they are used in coating water tanks and reservoirs. 

CONCRETE. 

850. Concrete is artificial stone produced by mixing cement and 
water with materials such as sand and broken stone. Concrete 



Natural anb Artificial Stones. 205 

weighs about 150 pounds per cubic foot. When concrete is strength- 
ened by the addition of steel as explained later, it is called rein- 
forced concrete. Plain concrete is used when only compressive loads 
are carried, as in walls, arches, dams, roads, and sidewalks. 

The quality of concrete depends upon: 

(1) Quality of ingredients. 

(2) Correct proportioning of ingredients. 

(3) Mixing. 

(4) Proper protection of concrete during hardening. 
Ingredients of Concrete. 

851. The inert materials used in concrete are classed as 
fine aggregate and coarse aggregate. A fine aggregate is one 
whose particles pas§ through a screen with I" openings. A 
coarse aggregate is one whose particles are larger than J" in di- 
ameter (and usually less than IJ" in diameter). Ordinarily, sand 
is the fine aggregate used in concrete. Gravel, broken stone, cinders, 
slag, burned bricks, and similar materials are used as coarse ag- 
gregates. The maximum size of the coarse aggregate varies with 
the structure; in foundation work the maximum' size should not 
exceed 3", in reinforced concrete work it should not exceed 1^". 
Concrete can be only as strong as the aggregate; therefore, soft 
broken stone, as broken limestone, is unsuitable as a coarse aggre- 
gate in concrete. 

852. The presence of clay or vegetable matter is objectionable in 
an aggregate. Clay coats the particles of sand and prevents the 
cement from getting in contact with the grains and thus decreases 
the strength of the concrete. "Vegetable matter retards or prevents 
hardening. One half of one per cent of vegetable matter may 
reduce the strength of concrete 40%. Sand suspected of containing 
organic matter should be carefully tested before being used. "When 
it is impossible to obtain aggregates free from undesirable ma- 
terials, they should be thoroughly washed before any are mixed with 
cement. 

Proportioning of Ingredients. 

853. The strength and the cost of a concrete structure are affected 
by the proportioning of the ingredients. The kind of strength re- 
quired will depend upon the nature of the engineering structure. 
Walls should resist compressive stresses, dams should resist perco- 
lation of water through them, and roads should resist abrasion. 
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Generally speaking, the densest concrete is the strongest against 
compression, abrasion, and passage of water. 

The densest mixture, that is, the one with the least void space, 
is formed by a mixture of such proportions that the finer particles 
just fill the interstitial space of the size next larger. Density of 
concrete means the ratio of the absolute volume of the solid parti- 
cles of cement and aggregate to the volume of the resulting concrete, 
and varies from 0.7 to 0.9. For a given portion of cement, well 
graded aggregates give a denser concrete than an aggregate in 
which the particles are more nearly the same size. In massive con- 
crete construction, such as break-waters and dams, large rocks, 
when available, are thrown in the concrete, thereby making less 
cement necessary. 

864. In proportioning ingredients, the following points should 
be remembered: 

а. That the greatest density and, therefore, the greatest strength 

and impermeability, is secured when the cement fills the 
voids in the sand and the cement mortar fills the voids in the 
coarse aggregate. 

б. That for a given aggregate the density will vary directly with 

the amount of cement used, up to the point where all of the 
voids are filled. If more cement is added, the density of the 
concrete decreases. 

855. Cement is the most expensive of the concrete ingredients. 
It is, therefore, the duty of the engineer to so proportion his aggre- 
gate that the cement needed is a minimum. The ideal mixture is 
one giving maximum density as described above. In practice, how- 
ever, the cement used is slightly greater than that needed to exactly 
fill the voids in the sand, and the volume of cement mortar used 
is greater than the voids in the coarse aggregate. The percentage 
of voids varies greatly, depending upon the grading of the materials. 
The voids in coarse aggregate graded from to IJ" range from 
35% to 60% of the volume of the aggregate. 

For common sand, the voids range from 28% to 40%. A well- 
graded mixture of fine and coarse aggregate will have voids as low 
as 12%. The voids of small particles of nearly equal size total more 
than those of large particles of equal size. 

856. The volume of voids in material is determined by filling 
a vessel, whose cubic contents are known; then adding water until 
the water overflows the vessel. The volume of the water poured 
into the vessel is the volume of the voids in the material when dry 
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and loose. The volume of the voids will be less when concrete is 
rammed in place. 

857. The following methods are used to proportion the ingredi- 
ents of concrete: 

a. By voids in the aggregate. 

h. By trial mixture. 

c. By mechanical analysis. 

d. By arbitrarily selected volumes. 

Proportioning by Voids in the Aggregate. — Samples of fine and 
coarse aggregates are obtained in the condition they will occur in 
the work. The volume of the voids is determined for both the fine 
and coarse aggregates. The volume of the fine aggregate should be 
equal to the volume of the voids in the coarse aggregate plus 5% 
to 10%. This excess is necessary due to the fact that particles of 
sand separate the coarse aggregate. The volume of cement to be 
used must be slightly in excess of the volume of voids in the fine 
aggregate. This method of proportioning is infrequently used be- 
cause the voids in the aggregate determined by experiments, may 
vary greatly by reason of differences in compactness, due to differ- 
ences in methods of handling the materials. 

Proportioning by Trial Mixtures. — ^This method of proportioning 
is based on the assumption that the best and strongest mixture is 
the densest, the ratio of cement to the total aggregate being fixed. 
A trial mixture is made by arbitrarily selecting a proportion of 
fine aggregate to coarse aggregate. The cement, water, sand and- 
coarse aggregate are weighed separately, then mixed. The mixture 
is placed in a cylinder and tamped, and the height of the surface 
noted. The concrete is removed, the cylinder cleaned and another 
proportion of fine aggregate to coarse aggregate selected. The in- 
gredients are weighed and mixed, placed in the cylinder, and the 
height again measured. This is repeated until a mixture is found 
which gives the smallest height. Since the total weight is the same 
for each batch placed in the cylinder, this mixture will be the densest 
one. Care must be taken to see that the proportion of water is such 
that the resulting dense concrete will be a smooth working mixture 
which can be easily placed in forms. This method of proportioning 
gives accurate results when carefully carried out. 

Proportioning by Mechanical Analysis. — This is a scientific 
method of proportioning the material available. The aggregate is 
separated into its various sizes by a nest of sieves, the sieve with 
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the largest opening being at the top of the nest and the one with 
the smallest at the bottom. The material held on each sieve is 
weighed and the percentage by weight which passes each sieve is de- 
termined. With this information, a curve is plotted, the abscissae 
being the diameters of the particles in inches, and the ordinates, 
the percentage by weight which passes each sieve. From this curve 
the engineer can determine what sizes should be added or omitted 
in order to secure a well-graded material. By adding or screening 
out certain sizes of particles, he is able to obtain nearly ideal ma- 
terials so far as grading is concerned. 

Proportioning by Arbitrarily Selected Volumes. — In general, the 
voids in the coarse aggregate are somewhat less than half of the 
total volume. It has become common practice in engineering to use 
one-half as much sand as the volume of broken stone. The cement 
proportion is varied with the strength required. A 1 : 2 : 4 mixture 
is 1 sack (1 cu. ft.) of Portland cement, 2 cu. ft. of sand, and 4 cu. ft. 
of coarse aggregate. If the voids in this coarse aggregate are 
greater than usual, the amount of sand is increased and the propor- 
tions are such as 1:2:3 or 1:21:4. In case the volume of voids 
in coarse aggregate is low, such proportions as 1:2:5 or 1:3:7 are 
used. The method of proportioning by arbitrarily selected volumes 
is more widely used than any other method. Where high compres- 
sive stresses must be carried, as in columns, a 1:14:3 mixture 
is used; in building construction for slabs, tee beams, etc., a 1:2:4 
mixture is used ; in larger masses of concrete such as dams, where 
stresses are not high, a 1 : 3 : 6 mixture is commonly used. 

858. As stated above, arbitrarily selected volumes is the method 
in general use. The tables below (taken from a pamphlet issued 
by the Koehring Co., manufacturers of concrete equipment), give 
usual mixtures: 
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Table 85SA. — Recommended Mixtures and Maximum Aggregate Sizes. 


Mixture and Character of Work 


Recommended 
‘ Maximum Size of 
Aggregate in Inches 


1:1:1 Mixture for 

The wearing course of two-course floors subject to flea’s^ truck- 
ing, such as occurs in factories, warehouses, on loading plat- 
forms, etc 14 


1:2:3 Mixture for 

Reinforced concrete roof slabs 

One-course concrete road, street, and alley pavements 

One-course walks and barnyard pavements 

One-course concrete floors 

Fence posts 

Sills and lintels without mortar surface 

Watering troughs and tanks 

Reinforced concrete columns 

Mine columns 

Construction subjected to water pressure, such as reservoirs, 
swimming pools, storage tanks, cisterns, elevator pits, vats, 
etc : 



V4. 


1 


1:2:4 Mixture for 

Reinforced concrete walls, floor beams, columns, and other 
concrete members designed in combination with steel rein- 
forcing 

Concrete for the arch ring of arch bridges and culverts 

Foundations for engines causing heavy loading, impact and 

vibration 

Concrete work in general subject to vibration 

Reinforced concrete sewer pipe 


1 

IM 


3 

1 


1:2H:4 Mixture for 

Silo walls, grain bins, coal bins, elevators and similar structures. 
Building walls above foundation, when stucco finish will not be 

applied 

Walls of pits or basements, exposed to moisture 

Manure pits 

Dipping vats, hog wallows 

Backing of concrete block 

Base of two-course road, street and alley pavements 

1:2J^:5 Mixture for 

Walls above ground which are to have stucco finish 

Base of two-course walks, feeding floors 

Bridge abutments and wing walls, culverts, dams, small retain- 
ing walls, when not reinforced 

Basement walls and foundations where water tightness is not 

essential 

Foundation for small engines 


IH 

m 

1 

3 


2 

2 

2 


1:3:6 Mixture for 

Mass concrete — ^large retaining walls, heavy foimdations and 
footings 3 


1;1 


Mixture for 

Inside finish of water tanks, silos, and bin walls, where required, 
and for facing walls below ground when necessary to afford 
additional protection against the entrance of moisture 


Back plastering of gravity retaining walls 


To pass through 
Ko. 8 Screen. 
To pass through 
No, 8 Screen. 
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Table 858A — Continued. 


Mixture and Character of Work 


Recommended 
Maximum Size of 
Aggregate in Inches 


1 : 2 Mixture for 

Facing block and similar concrete products K 

Wearing course of two-course walks, floors subjected only to 

light loads, barnyard pavements, etc M 


1:2 Mixture for 

Scratch coat of exterior plaster (cement and stucco) To pass through 

No. 8 Screen. 

Fence posts when coarse aggregate is not used 


1:3 


Mixture for 

Intermediate and finish stucco coats To pass though 

No. 8 Screren. 

Concrete block when coarse aggregate is not used 

Concrete brick 

Concrete drain tile and pipe when coarse aggregate is not used K 

Ornamental concrete products K 


Table 8586. — Concrete, per Sack of Cement. 


Mixtures 

1 Materials 

1 Concrete Cu. Ft. 



Pebbles 

Cement 


Pebbles 



Cement 

1 Sand 

or 

in 


or Stone 

Mortar 

Concrete 



Stone 

Sacks 

Ou. Ft. 

Cu. Ft. 



1 

1.5 


1 

1.5 


1.75 


1 

2 


1 

2 


2.1 


1 

3 


1 

3 


2.8 


1 

1.5 

3 

1 

1.5 

3 


3.5 

1 

2 

3 

1 

2 

3 


3.9 

1 

2 

4 

1 

2 

4 


4.5 

1 

2.5 

4 

1 

2.5 

4 


4.8 

1 

2.5 

5 

1 

2.5 

5 


! 5.4 

1 

3 

5 

1 

3 

5 


5.8 


Table 858C- — Materials, per Cubic Yard of Concrete. 


Mixtures. — Quantities of Materials to make 1 cubic yard of Concrete 

Stones or 

Pebbles Cement Sand ' Pebbles 


Cement 

Sand 

or Stone 

in Sacks 

cu. ft. 

cu, ft. 

Eesult 

1 

1.5 


15.5 

23.3 


1 cu. yd 

1 

2 


12.8 

25.6 


a 

1 

3 


9.6 

28.8 


it 

1 

1.5 

3 

7.6 

11.4 

22.8 

u 

1 

2 

3 

7 

14 

21 

u 

1 

2 

4 

6 

12 

24 

u 

1 

2.5 

4 

5.6 

14 

22.4 

u 

1 

2.5 

5 

6 

12.6 

25 

tc 

1 

3 

5 

4.6 

13.8 

23 

<c 

1 

3 

6 

4.2 

12.6 

25.2 
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To illustrate the use of Table 858C, let it be required to find how much 
cement, sand, and pebbles will be needed to build a one-course floor 30' by 24' 
5" thick. 

Multiplying the area (30 by 24) by the thickness in feet gives 300 cubic feet, 
and dividing this by 27 gives 11-1 /9 cubic yards as the required volume of con- 
crete. A one-course floor should be of 1:2:3 mixture (see Table 858A). 
Table 858C shows that each cubic yard of this mixture requires 7 sacks of 
cement, 14 cubic feet of sand, and 21 cubic feet of gravel or stone. Multiply- 
ing these quantities by the number of cubic yards needed (11-1/9) gives the 
quantities required (eliminating fractions) as 78 sacks of cement, 156 cubic 
feet of sand, and 233 cubic feet of pebbles or stone. As there are four sacks 
of cement in a barrel, and 27 cubic feet of sand or pebbles in a cubic yard, we 
shall need a little less than 20 barrels of cement, 6 cubic yards of sand and 
9 cubic yards of pebbles or stone. 


Table 858D. — Quantity of Cement Required per Cubic Foot and per Cubic Yard 
of Concrete for Various Mixtures in Terms of Sacks and Barrels. 


1 Cu. Ft. 

Sacks of 

1 Cu. Yd. 

Bbl. of 

Concrete 

Cement 

Concrete 

Cement 

1:1:1 

.5404 

1:1:1 

3.375 

l:iy2:3 

.2808 

1:1% :3 

1.895 

1:2:4 

.2220 

1:2:4 

1.498 

l:2y2:5 

.1848 

1:2% :5 

1.247 

1:3:6 

.1570 

1:3:6 

1.060 


Table 858E. — Materials Required for 100 Square Feet of Surface for Varying 
Thickness of Course. 


Thickness Mix 

. 1 

1 in. 1 

2 in. 1 

4 in. 

1 5 in. 

C. 

Sks. 

Sd. 

Cu. 

Yds. 

St. 

Cu. 

Yds. 

C, 

Sks. 

Sd. 

Cu. 

Yds. 

St. 

Cu. 

Yds. 

c. 

Sks. 

Sd. 

Cu. 

.Yds. 

St. 

Cu. 

Yds. 

C. 

Sks. 

Sd. 

Cu, 

Yds. 

St. 

Cu. 

Yds. 

1:2 

1:1:1 



1:1J^:2}4 

l:li^:3 

1:2:3 

1:2:4 

1:2J4:4 

1:2 3^:5 

1:3:6 

3.9 

4.2 

3.7 

2.6 

0.29 

0.15 

0.14 

0.14 


7.9 

8.3 

7.3 
6.1 

0.68 

0.31 

0.27 

0.28 

1 







0.15 

0.20 

0.24 

0.31 

0.41 

0.47 



















9.4 
8.6 

7.4 
6.9 
6.2 
5.2 

0.52 

0.64 

0.55 

0.64 

0.57 

0.58 

1.01 

0.95 

1.10 

1.02 
1.14 
1.16 

11.7 

10.8 
9.3 
8.6 
7.7 
6,6 

0.65 

0.80 

0.69 

'0.80 

0.72 

0.73 

1.30 

1.19 

1.37 

1,23 

1.47 

,1.45 


Thickness Mix 

6 in. 

Tin. 

8 in. 

9' in. 

C. 

Sks. 

Sd. 

Cu. 

Yds. 

St. 

Cu. 

Yds. 

C. 

Sks. 

Sd. 

Cu. 

Yds. 

St. 

Cu. 

Yds. 

C. 

Sks. 

Sd. 

Cu. 

Yds. 

St. 

Cu. 

Yds. 

C. 

Sks. 

Sd. 

Cu. 

Yds. 

St. 

Cu. 

Yds. 

1:1}^:3 

14.0 

0.78 

1.56 

16.4 

0.91 

1.82 

18.7 

1.04 

2.08 

21.1 

1.17 

2.34 

1:2:3 

12.9 

0.95 

1.43 

15.0 

1.11 

1.67 

17.2 

1.27 

1.90 

19.3 

1.43 

2.14 

1:2:4 

11.1 

0.82 

1.64 

12.9 

0.96 

1.92 

14.8 

1.10 

2.19 

16.7 

1.23 

2.47 

1:2H:4 

10.3 

0.95 

1.63 

12.0 

1.11 

1.78 

13.8 

1,27 

2.03 

15.5 

1.43 

2.29 

1:2}^ -6 1 

9.2 

0.86 

1.72 

10,8 

1.00 

2.00 

12.3 

1.14 

2.29 

13,9 

1.29 

2.57 

1:3:6 

7.9 

0.87 

1.74 

9.2 

1.02 

2.03 

10.5 

1.16 

2.32 

11.8 

1.31 

2.61 
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Table 858P. — Materials Required for 100 Square Feet of Sidewalk and Floors 
for Varying Thickness of Course. 


CONCRETE BASE. 


Proportions 


1:2:3 



1:2:4 



1:2H:5 


c. 

Sks. 

Sd. 

St. 

C. 

Slis. 

Sd. 

St. 

c. 

Sks. 

Sd. 

St. 

C. 

Sks. 

Sd. 

St. 

Thickness 

Cu. 

Yds. 

Cu. 

Yds. 

Cu. 

Yds. 

Cu. 

Yds. 

Cu. 

Yds. 

Cu. 

Yds. 

Cu. 

Yds. 

Cu. 

Yds. 

2%" 

5.4 

0.40 

0.60 

4.6 

0.34 

0.68 

4.3 

0.40 

0.63 

3.9 

0.36 

0.72 

3" 

6.6 

0.48 

0.72 

5.6 

0.41 

0.82 

5.2 

0.48 

0.77 

4.6 

0.43,0.86 

3J^" 

7.5 

0.56 

0.84 

6.5 

0.48 

0.96 

6.0 

0.56 

0.89 

5.4 

0.501. 00 

4" 

8.6 

0.64 

0.95 

7.4 

0.55 

1.10 

6.9 

0.64 

1.02 

6.2 

0.57: 1.14 

4J^" 

9.7 

0.72 

1.07 

8.3 

0.62 

1.23 

7.7 

0.72 

1.14 

6.9 

0.64 1.28 

5'' 

10.8 

0.80 

1.19 

9.3 

0.69 

1.37 

8.6 

0.80 

1.27 

7.7 

0.71 

1.43 

61^" 

11.8 

0.88 

1.31 

10.2 

0.76 

1.50 

9.5 

0.87 

1.40 

8.5 

0.78 

1.57 

6" 

12.9 

0.96 

1.43 

11.1 

0.82 

1.64 

10.3 

0.95 

1.53 

9.2! 

0.86 

1.72 


WEARING COURSE. 


Thickness 

Inches 


1 1:1M ! 

1 1:2 

Cement 

Sacks 

Sand 

Cu- Yds- 

Cement 

Sacks 

Sand 

Cu. Yds. 

Cement 

Sacks 

Sand 

Cu. Yds. 

M 

3.0 

0.11 

2.4 

0.13 

2.0 

0.15 

M 

4.5 

0.16 

3.6 

0.19 

2.9 

0.22 

1 

6.0 

0.22 

: 4.8 

0.26 

3.9 

0.29 

1J<C 

7.5 

0.27 

1 6.0 

0.33 

4.9 

0.36 

m 

9.0 

0.33 

7.2 

0.40 

5.9 

0.43 

Wi 

10.5 

0.39 

8.4 

0.46 

6.9 

0.50 

2 

12.0 

0.45 

9.6 

0.53 

7.9 

0.58 


Mixing Concrete. 

861. Concrete may be mixed either by hand or machine. The 
method to be used on any particular work depends upon the amount 
of concrete to be mixed, the availability of labor, and the possibility 
of obtaining a concrete mixer. Machine-mixed concrete is usually 
cheaper and of a more uniform quality than hand-mixed concrete. 

Up to a certain point, the strength of concrete increases as the 
amount of water is decreased. However, it is necessary to sacrifice 
strength and use more water in order to get a workable concrete, 
one that will take the shape of the forms and completely fill them. 

862. The slump test is employed frequently to determine the 
proper consistency of concrete ; the concrete is poured in at the top 
of a tapered form 12" high, 4" in diameter at the top, and 8" in 
diameter at the bottom. The form is raised immediately, and the 
concrete should not slump over 3", if it is to be used in pavement 
floors and large foundations which permit tamping; and not more 
than 7" if it is to be used in thin walls where reinforcing is used, 
or in thin water-tight structures. In general, concrete should have 
a;j^ly-like Consistency; a very watery concrete should never be 
used. 
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863. Hand Mixing. — Concrete is made by hand on a platform 
large enough to conveniently carry the largest batch to be mixed. 
First the sand is measured and spread in an even layer on the mix- 
ing platform. Next, the cement is measured and spread over the 
layer of sand ; and by means of shovels, this mixture is turned over 
at least twice. The coarse aggregate is then measured and spread 
over the cement-sand mixture, and all the ingredients are turned 
over at least two more times. A hole is made in the center, and 
water enough to produce a mushy mixture (usually between 8% 
and 15% of water) is gradually added while men turn over the 
mixture with shovels. Mixing continues until the cement, sand, and 
coarse aggregate have been uniformly mixed. 

864. Machine Mixing. — If mixed by machine, the proper propor- 
tions of aggregate, sand, and cement are dropped from an elevated 
platform into a revolving mixer, into which the water may be intro- 
duced through a hollow axle. The amount of water and the number 
of revolutions necessary for complete mixing are determined by ex- 
periment. When the concrete is thoroughly mixed, it is dropped 
into cars or carts which are run beneath the mixer. This method 
is employed on large works. 

Placing Concrete. 

865. As the hardening action resulting from the combination of 
cement and water begins very soon after a batch of concrete is 
mixed, concrete should be deposited as quickly as possible after 
mixing, at most within 30 minutes. For small structures, the con- 
crete is carried in cars or in open chutes. When chutes are used, 
the concrete is hoisted from the mixer to the top of a tower and 
loaded in a hopper from which it is fed to the chute. Care must be 
taken when concrete is placed by means of chutes that the mixture 
is not too wet, as the coarse aggregate in a wet mixture flows faster 
than the cement, sand, and water, and the resulting concrete is 
not good. 

Concrete is placed in layers 6" to 12" in thickness, tamped to re- 
move air bubbles and to produce a dense mixture. If concrete 
is placed on or against concrete already set, the hardened concrete 
surface, which in very wet concrete construction becomes covered 
with a chalk-like substance called “laitance”, is cleaned and rough- 
ened, the surface wetted, and a coating of 1:1 cement mortar put 
on. This insures proper bond between the two concrete surfaces. 
In mass concrete which is to stand compressive stresses only, it is 
necessary only to clean the old surface. 
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866. Forms. — In order to obtain satisfactory concrete work, the 
forms (Figs. 866A and B) should be durable and rigid and so well 
braced that bulging or twisting cannot occur. The joints should 



Form showingr Wall with form 

Stop board in place removed 

Fig. 866 A 


be made tight enough to prevent any material leakage of the liquid 
mass, as such leakage allows escape of mortar, thereby decreasing 
the strength and marring the appearance of the finished work. 

Forms should have sufficient strength to support properly the 
loads which they are called upon to carry. 



The forms in which reinforced concrete beams are constructed 
are commonly of wood and are fastened together by wooden clamps 
and bolts. Steel concrete forms, when they can be used repeatedly, 
are economical. For circular columns, steel forms are generally 
used. 
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Protection of Concrete. 

867. During Hardening. — Care must be taken after concrete is 
placed to see that is does not dry out rapidly. Normally, concrete 
gains strength with age ; however, when it drys out too rapidly, it 
gains little with age. This is due to the fact that shrinkage cracks 
are produced, and the chemical composition of the concrete is poor 
because the cement is not completely hydrated. Complete hydra- 
tion is secured by keeping the forms in place and the concrete 
surface wet for at least two weeks. Newly placed concrete is some- 
times covered in dry warm atmosphere by wooden frames or canvas. 
After the initial set, the concrete is sometimes covered with damp 
earth or damp sand. Tests made at the University of Illinois on 
concrete cylinders showed that at the age of five years air-stored 
specimens were only about one-half as strong as specimens of like 
consistency stored in damp sand. 

During Cold Weather, — Concrete should not be placed during cold 
weather unless means are taken to prevent freezing during the 
early hardening period. Freezing prevents proper hydration of 
the cement and impairs the strength of the concrete. When it is 
necessary to lay concrete during cold weather, the stone, sand, and 
water should be heated before mixing. After the concrete is placed 
the heat should be retained by covering the concrete with canvas, 
straw, burlap, or sawdust. In very cold weather, it may be nec- 
essary to keep the covered concrete warm by using artificial heat 
from steam coils or stoves. 

868, Fire Proofing Qualities. — Concrete has a low conductivity 
of heat due to two causes: (1) the presence of combined water, 
and (2) porosity. The water of crystallization being chemically 
combined is not given off at the boiling point. A part of this water 
goes off at about 500° F., but the dehydration is not complete until 
900° F. is reached. This vaporization of water at the surface 
absorbs heat and protects the interior. The layer of changed ma- 
terials is then a poorer conductor of heat than before, so the process 
of dehydration goes on very slowly. The air spaces in concrete due 
to porosity also offer considerable resistance to the passage of heat, 
it being well known that air spaces are a most efficient protection 
against conduction. Experiments and large fires have shown that 
sharp corners of beams and columns are more susceptible to attack 
than wide, flat surfaces such as slabs. 



216 


Civil Engineering. 


Strength of Concrete. 

869. Compression. — The strength of concrete depends upon den- 
sity, age, quality of ingredients and amount of water used. The 
ultimate strength in compression in pounds per square inch of 
various mixtures 28 days old is shown in the table below. The test 
specimens were made in the form of cylinders 8" in diameter and 
16" long. Portland cement was used. 


Aggregate Proportions: 1:2:4 1:3:6 

Granite, trap rock 2200 1400 

Gravel, hard limestone, hard sandstone 2000 1300 

Soft limestone, soft sandstone 1500 1000 

Cinders 600 400 


Shearing Strength. — The shearing strength of concrete is about 
one-half the compressive strength. Experiments made at the Uni- 
versity of Illinois on specimens 60 days old gave the following 
results : 

Proportions: 1:2:4 1:3:6 

Ultimate shearing strength in pounds per sq. in. . 1290 1090 

Ultimate compressive strength in pounds per sq. 

in 2430 2290 

However, the American Society for Testing Materials takes the 
allowable shearing stress for concrete as 2% of the ultimate compres- 
sion, which gives very small allowable shearing stresses. 

Tensile Strength. — Concrete, being a brittle material, has practi- 
cally no strength in tension. In reinforced concrete design, it is 
assumed that concrete takes no tension, as explained in discussion 
of reinforced concrete. However, if concrete is unusually well made, 
its tensile strength is actually about 1/10 its compressive strength. 

Effect of Age on Strength. — ^The strength of concrete increases 
with age. The relative amount of increase in strength of concrete, 
from 7 days to 6 months, for two common proportions of mixture, 
is shown approximately in the table which follows. (The table 
gives the average values of the compressive strength in pounds per 
square inch based on tests at the Watertown Arsenal of unusually 
good concrete) : 

Proportions: 1:2:4 1:3:6 


7 days 1565 1311 

1 month 2399 2164 

3 months 2896 2522 

6 months 3826 3088 
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Effect of Water Content on Strength. — ^It has been shown by ex- 
periment that the strength of concrete increases with the amount 
of water used up to a certain proportion, and then decreases. The 
proper quantity of water to give maximum strength is used in the 
manufacture of artificial stone with special factory equipment. 
This is possible due to the fact that there are facilities for tamping 
and pressing. In average building and road construction, in order 
to have a workable mixture, more water is used than is required in 
an ideal mixture of maximum strength. 


REINFORCED CONCRETE. 

870. Reinforced concrete is concrete in which metal, preferably 
steel, is imbedded to increase its strength. When the steel in a 
structural member is designed to take all the stress, the concrete 
serving only to make the structure fire proof or to enhance its ap- 
pearance, the member is not to be considered as composed of 
reinforced concrete, but rather of steel protected by concrete. 

871. Owing to its small tensile and shearing strengths, simple 
concrete is not suitable for use in the construction of structural 
forms which are subjected to forces of flexure, as floor beams, slabs, 
girders, etc.; or in the construction of those subjected to tension 
only, as watertanks. For the same reasons, although it is fairly 
strong in compression, it is not suitable for use in long columns. 

The requisite strength, in tension and compression, can, however, 
be secured by imbedding steel or wrought iron rods in concrete; 
these will assist the concrete in bearing the longitudinal and shear- 
ing stresses to which it is subjected. Simple concrete thus 
strengthened is called reinforced concrete. 

872. Reinforced concrete makes a good structural material, 
under suitable conditions, because of the following qualities in the 
combination : 

а. Cement mortar preserves steel; it forms an impervious 

coating. 

б. Both concrete and steel have practically the same coefficient of 

expansion for changes of temperature. 

c. Cement mortar adheres to the metal with such strength that 

considerable force is necessary to separate them. 

d. The combination is cheaper, and resists atmosphere and fire 

better than steel alone; it is stronger than concrete alone, 

and cracks less. 
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873. Character of Reinforcement. — ^The reinforcing steel in rein- 
forced concrete construction is mostly in the form of rods or bars 



Deformed bars 
Fig. 873 A 

of round or square cross-section. These vary in size from i'' to 
li" as a maximum size for heavy beams. Larger sizes are some- 
times used for columns. There are various forms of special bars 



Triangle mesh reinforcement 
Fig. 873 B 


on the market. The Ransome bar is made by twisting cold square 
rods. Other forms are illustrated in Figs. 873A and B. Various 
forms of steel mesh are employed in floor slabs. 

874. Spacing of Bars. — ^Reinforcing rods should be spaced at suf- 
ficient intervals to insure concrete enough between the rods so that 
full stress on the rods will not rupture the concrete between them. 
The lateral spacing of parallel bars should be not less than three 
diameters, or three times the side of a square bar. The distance 
from the side of the beam to the center of the nearest bar should 
be not less than 2 diameters. If rods are located in more than one 
horizontal layer, a clear space of not less than 1" should be provided. 
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Below or above extreme layers of rods, the thickness of concrete 
should be in girders not less than 2"; in beams, 1^"; and in floor 
slabs, 1", 

Types of Reinforced Concrete Construction. 

875. Floor Slabs. — ^Ploor slabs are usually thin (about 4" being 
an average thickness) and their span is usually limited to about 
6' to 8', although larger spans may be used. The slab may be sup- 
ported by steel beams or may be cast as part of the whole floor 
system as indicated in Fig. 875 A. It is to be noticed that the re- 



Flat slab, all concrete design, reinforced in bothdireoUolis 
Fig. 875 A 

inforcing is not straight through the slab, being near the lower sur- 
face at the middle of the span and near the upper surface where 
it passes over the beam. Reinforced concrete slabs are essentially 
wide beams supported on girders, or in case of the so-called flat 
slab construction, directly on the tops of the columns. Slabs sup- 
ported on all four edges, or on the tops of columns, are reinforced 
longitudinally and traversely (see Fig. 875B on next page) . 

876. Beams. — Beams support the slabs and are in turn usually 
supported by girders which carry the loads to the columns or walls. 
The beams and girders are reinforced by placing the rods near the 
lower surface, but since the stresses for which the rods are pro- 
vided decrease toward the ends of the beam, it is possible to bend up 
some of the rods diagonally and in this way help to provide rein- 
forcement against shearing stresses. When the beams or girders 
form part of a floor system, it is customary to carry the rods over 
into the adjoining beam or girder, thus causing the beam to act as 
a continuous beam. 
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When a force is applied to a reinforced concrete beam, cracks 
develop on the tension side. These cracks do not become noticeable, 
even on very close examination, until a strain has developed cor- 
responding to a tensile stress beyond the ultimate strength of 
concrete. The steel forces the concrete to elongate uniformly 
throughout, so that a crack will open up very slowly and remain 
invisible for some time. 

A reinforced concrete beam for working loads is usually stressed 
on the tension side beyond the ultimate tensile strength of plain 
concrete, but enough steel is imbedded usually on the tension side 
so the full allowable compressive strength of the concrete can be 
utilized on the compressive side. 

It would appear that the cracks on the tension side of the 
beam would expose the steel to disintegrating agencies; but, 
fortunately, the lime present in concrete has the property of absorb- 
ing carbon dioxide, thereby effectually protecting the steel when 
covered with even a thin film of cement mortar. 

The formulas now in most general use for the design of rein- 
forced concrete beams neglect entirely the tensile strength of the 
concrete. 

Reinforced Concrete Design. 

877. In addition to the nomenclature given in the introduction to 
this text, the following special nomenclature is used in reinforced 
concrete design in this text: 

Ag = area of steel reinforcement. 

6 = breadth of beam. 

Dn = depth to neutral axis. 

Ds = depth to axis of steel reinforcement. 

Ec = modulus of elasticity of concrete. 

Es = modulus of elasticity of steel. 

fo = unit compressive stress at extreme fiber of concrete. 

/g = unit tensile stress in steel. 

fg lever arm of resisting couple. 

Is — spacing of stirrups. 

Me = resisting moment of concrete. 

M, = resisting moment of steel. 

E 

n = elasticity ratio = 

Mia 
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V = per cent of steel = 


A 

6A' 


Sc = total compressive stress. 
St — total tensile stress, 
sj = unit bond stress. 


878. In reinforced concrete design, the following assumptions are 
made : 

а. The adhesion of concrete to steel is perfect within the elastic 

limit of steel. This is necessary in order that the steel may 
be stressed to its elastic limit; otherwise, the concrete and 
steel will not act as one piece. 

б. Both steel and concrete have no initial stress. In more com- 

plicated designs, the steel and concrete can be given an 
initial stress, but this is not considered. 

c. Planes of cross-section before bending will remain planes after 

bending. This is the same assumption as made in paragraph 
258 in deducing the equations of bending moments, and is the 
result of experiments. 

d. The planes of cross-section have no motion of translation along 

the neutral fiber. This is based on experiments. 

e. The concrete takes no tension. Actually, the concrete does 

take tension ; but this is small, and the assumption that con- 
crete does not take tension is an error on the safe side. 

/. The modulus of elasticity of concrete is constant. If concrete 
could be made homogeneous, this would be correct ; actually 
it is not correct, but the modulus of elasticity is assumed suf- 
ficiently low to make up for weaknesses in construction. 

879. The steel is placed where it will receive the maximum unit 
fiber stress. In a beam, this is on the extreme surface fiber, but 
in order to obtain the proper adhesion and prevent rusting of the 
steel, it is necessary to place the steel a short distance within the 
beam. Also, since the area of the steel is small and the differences 
in the fiber stresses are very small, it is usual to take the area of 
the steel in single reinforcement as having the same fiber stress 
throughout and equal in intensity to that of its center fiber. 

In accordance with this idea, it is usual to base calculations on a 
“transformed section” as shown in Fig. 880C, which is simply a 
section of the beam in which the concrete has no stress on the 
tensile side of the neutral fiber and an amount of concrete equiva- 
lent to the steel is concentrated theoretically in one point at tlie 
center of the steel reinforcement and takes its place. 
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880. Position of Netftral Axis in a Beam. — (Fig. 880.) Let it 
be required to find the position of the neutral axis in a rectangular 
beam with single reinforcement. In homogeneous beams, the 
neutral axis passes through the center of gravity. To use this prin- 





Beam resting on end support with single reinforcement 
Fig. 880 A 

ciple in determining the position of the neutral axis of a reinforced 
concrete beam, it is necessary to consider the steel as replaced by 
a sufficient area of concrete (concentrated at the same d istance 
from the neutral axis) to produce the same effect as the steel. Since 
the unit strain (elongation) is the same for the concrete and the 
steel, and since, from paragraph 204, the modulus of elasticity varies 
directly with the unit stress and inversely with the unit elongation, 
the area of concrete substituted will be equal to the area of the steel 
multiplied by the quotient of the modulus of elasticity of steel di- 
vided by the modulus of elasticity of concrete. Expressing this in 
an equation, we have 

E A 

Area of concrete substituted = —|;—^=nA»=np&Dj. (880A) 

The ratio of the moduli of elasticity of steel and concrete is 
usually taken as 15, corresponding to values of 30,000,000 and 
2,000,000 pounds per square inch. 

Substituting the concrete for the steel, we now have a homogeneous 
beam and the neutral axis passes through the center of gravity. 
Knowing that the sum of the moments about the neutral axis must 
equal zero, we have 

Compression area x lever arm = Tension area x lever arm (880B) 

Expressing this in an equation and remembering that only the 
substituted area is to be considered in tension, we have 

bD„ ^ =npbDs (Ds-D„) 


(880C) 
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Thence, £>„ = Z),( V22m+(p»)2— p«). 

In this equation, it is necessary to know only the percentage (p) 
of steel, the ratio of moduli of elasticity of steel and concrete («) , 
and the dimensions of the beam {IDs ) . By substitution and solving 
for Dn we obtain the distance of the neutral axis from the top. 
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881. Problem. — ^Find the position of the neutral axis of the T-beam in Fig. 
881A, assuming n = 15. 

Solution. — 

Area B C D E X 4 = 192 sq. in.; lever arm = Z)» — 2". 

Area N G F A ^SX (Dn — 4) ; lever arm « J (Dn — 4). 

Area H J = 5 X .4418 X 16 = 33.135 sq. in.; lever arm = 16 — 

Substituting in equation 880B, we have 
192 (Dn - 2) + 8 (2)« - 4) J (Dn - 4) = 33.135 (16 - Dn). 

Dn=:4M" +. 

Neglecting N G F A, and substituting in equation 880B, we have 
192 (Dn — 2) = 33.135 (16 — Dn) 

Dn=i4.M" 

Ordinarily the area N G F A is so small comparatively that it can be neglected 
without making any material error in calculation. 

882. Percentage of Steel in Tensile Reinforcement. — ^From the 
definition of the modulus of elasticity, we have 

Ec={^ or ^=\c (882A) 

Ac Eo 

and (882B) 

A, E, 

Also, since we assume that planes of cross-section before bend- 
ing remain planes after bending, and since under this assumption 
the elongation is proportional to the distance from neutral axis, 
we have 
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-D« 

Combining these three equations, we have 

4 . 

^ 

\, /j -Di D„ 

E. 

^ A-D» 


(882C) 


(882D) 

(882E) 

(882F) 


■P« _ / \ 


(882G) 


Since the algebraic sum of the horizontal components of all the 
forces acting on a cross-sectiOn must be equal to zero, we have 
-Sc=0, or Sa=St. The total compressive force, Sn, acting on the 
cross-section in Fig. 880B is the shaded area multiplied by the 
breadth of the beam, or So=(fc/2)lD„. The tensile stress is as- 
sumed to be uniformly distributed over the cross-section of the 
steel ; therefore, T=AJs=plDsfs- 

fc 

Equating these two, we have — bDn=plDJ,. (882H) 

2 


Thence (8821) 

Equating the two values of Dn/Ds in equations 882G and 8821, 
we have 


njc ^ 2f,p 
L+nfc /o 


(882J) 


P = 




fc 



(882K) 


This formula shows that for a given concrete and ratio of work- 
ing stresses, the percentage, p, has the same value for all sizes of 
beams. For concrete of ordinary proportions and with ordinary 
working stresses in both steel and concrete, n=15, /o=650, and 
/,= 16,000; hence the economical percentage of steel is 0.77% or 
approximately 0.8%. 
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883. Arm of the Resisting Couple. — ^The point of application of 
the compressive force, So, is at the center of gravity of the shaded 
force triangle shown in Pig. 880B. Therefore, 

lo = Do-^^D„ (883A) 

884. Moments of Resistance of the Beams. — The bending which 
can be borne by the beam is dependent upon the allowable unit 
stress in the concrete and in the steel. These are taken as separate, 
and two equations result. 

Considering concrete, and taking the center of moments at the 
center of the steel, we have 

Mo=Solo=^^DJ>lo (884A) 

Considering steel, and taking the center of moments at the point 
of application of the resultant of the compression stresses in the con- 
crete, C, we have 

Mo=Silc=fshD,?lo (884B) 

If the bending moment is known, the above equations will give 

the unit stresses which develop in the concrete and the steel. 

The allowable unit stresses of the concrete and steel are usually 
taken as 650 and 16,000 pounds per square inch. 

886. Problem. — A reinforced concrete beam has dimensions and rein- 
forcement as given in Pig. 886A. Assuming /j=16,000 pounds per square inch, 
/o=650 pounds per square inch, and «=12, find the moment of resistance of 
the beam. 





Solution. — ^Using equations 884A and 884B, we have 

/c = 660 

= 16,000 
5 = 8 
= 14 

D»=: ?, can be determined from moments 
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la — ?, can be determined from equation 883A, when, Dn is known 
P = ’t, can be determined from areas of steel and concrete 
M,= ’t 

Solving for Dn: Taking moments around neutral axis, we have 

8 X DnX ^ = 11.52 (14 - D„) 

Solving for Dn, we obtain 

Dn = 6.068" 

Solving for h: We have, by substituting 5.068" for Dn in- equation 883A, 
Zo = 14 - i (5.068) = 12.311" 

Solving for p: P = =0.0086 

Substituting the above values in equations for and we have 
650 

Me = 'Y ^ 5.068 X 8 X 12.311 = 162,200 inch pounds. 

Ms =16,000 X 8 X 14 X 0.0086 X 12.311 = 189,700 inch pounds. 

886. Problem. — Find the maximum stresses in the concrete and steel of the 
reinforced concrete beam shown in Fig. 886A. Neglect dead weight. 



b = 8 
d5 = 14 

Dn = ?, can be determined by moments. 

Ic = ?, can be determined from equation 883B, when Dn is known 
p = ?, can be determined from areas of steel and concrete 
(in place of and M^) is at middle of beam and = 1500 x 10 x 12= 
180,000 inch pounds. 

The beam has the same cross-section as in the preceding problem, and n U 
again assumed as 12 j therefore, in solving for Dn^ Ig and p, we obtain 
Dn = 5.068'' 

Ig == 12.311^ 

p = 0,0086 
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Substituting the above values in equations 884A and 884B, we have 

180,000 = y X 5.068 X 8 X 12.311. 

180,000 =/« X 8 X 14 X 0.0086 X 12.311. 

Transposing and solving, we have 

= 720 pounds per sq. in. 
fs = 15,200 pounds per sq. in. 

887. Shearing Stress. — reinforced concrete beam may fail by 
diagonal tension, as shown in Figs. 887A and 887B. This is pre- 



Horizontal reinforcement and loose stirrups. Method of failure when tested to 
destruction. Medium load. Sudden failure due to slipping of horizontal rods. Shear of 
concrete on horizontal plane above bars but no diagonal cracks. 


Fi£. 887 A 

vented by reinforcing with vertical stirrups (Fig. 887C), or by 
bending up the reinforcing bars (Fig. 887D), or by both at the 






llorizontal reinforcement only. Method of failure when tested to destruction. 
Light load. Sudden failure caused by ends of reinforcement slipping and horizontal 
shear diagonal cracks in concrete. 


Fig. 887 B 




one loop two loops 

Stirrups 

Fi£. 887 C 



same time. If this stirrup or diagonal reinforcing is not provided, 
a beam may fail before the concrete and steel have been stressed 
to their allowable limits in compression and tensiop. 
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Reinforced concrete beams showing vertical stirrups andibent up rods 

Fig. 887 D 

888. Fig. 888A shows a reinforced concrete beam resting on end 
supports and carrying a uniform load. The various stresses acting 




I 


. 1.1 




f 




M' 


Steel 


Fig. 888 A 




on the planes LM and L'M' are shown in Fig. 888B. It is assumed 
that the uniform load on the diiferential section between LM and 
L'M' is so small that it may be neglected. 

Let Sv = intensity of either the horizontal or vertical shear at 
any point in the neutral surface of the beam. 

From paragraph 238, we know that the unit horizontal shear on 
any molecule is equal to the unit vertical shear on the molecule. 
Also, since the tensile strength of the concrete is neglected, we 
know that 

So = St and So — S/ 

The total shearing stress on any horizontal plane between the 
steel and the neutral plane = St — S/. 


Sv 
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Assuming that b is the breadth of the beam, and dx is the length 
of the differential section, we have 

bdx = area of a section sheared, 

hnd, Unit shearing stress = s„ = (888A) 

Since the forces acting on the differential section are in equi- 
librium, the algebraic sum of the moments of all the forces about 
any point, as A, is equal to zero. Hence 


dx + St' le - Stic = 0 (888B) 

St-S/=^^ (8880 

f'C 

Substituting in equation 888A, we obtain 

s„ ^bdx=~ (888D) 

Olc 


In a homogeneous beam the shear on a cross-section varies as a 
parabola with the maximum at the neutral axis. In a reinforced 


neutral 

axis 


Fig. 888 C 

concrete beam the shear varies as a parabola over the compression 
area only. (Fig. 888C.) Since concrete is assumed to take no ten- 
sion, and the steel to take all, the shear is constant between the 
neutral axis and the steel. 

The resultant of the vertical and the horizontal shear produces, 
diagonal tension. Since the maximum unit shear occurs at the 
neutral axis, the maximum diagonal tension occurs at the same 
place; it has the same intensity and acts at an angle of 45° with, 
the neutral axis. 
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889. Stress in Web Reinforcement. — If s (Fig. 889A) be the 
distance between vertical stirrups, then the diagonal area between 


A 



two stirrups is bis cos 45° = Us \/ 2. The total diagonal stress be- 
tween two stirrups is sMs V 2. The vertical component, which is 
taken up by the stirrups, is 


Su bis I — — Sf) bis* 

y2 


Represent the total stress in the stirrups at AA by S, 

Then S = (889A) 

Substituting the value of s^ from equation 888D, we have 

(889B) 

With a one-loop stirrup (two verticals), each vertical has a total 
stress of S/2; with a two-loop stirrup, each vertical has a total 
stress equal to S/4. 

In engineering practice, it is usual to assume that the concrete 
takes one-third of the stress; therefore, the stress in the stirrup 
is expressed as 

(889C) 

The area of the steel to take, up this stress, in a. length Z, is, 
therefore, 

C889D) 

Or, (889E) 
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890. If the stirrups are placed or bars are bent up at angles of 
45°, they will be as shown in Fig. 890 A. The value of S then 
becomes 





Stirrup'^’ 


Fig. 890 A 

S = = = approx. (890A) 

bk V2 Ic V2 Uc 

Assuming concrete to take one-third of the stress, the equation 
becomes 

5=^ (890B) 

^Ic 

The area of steel to take up this stress is 

(890C) 

891. For simple beams the need for web reinforcement is great- 
est at the support, where the vertical shear is a maximum, and de- 
creases as the center is approached. Hence, the interval between 
fetirrups at the supports should be less than at a point near the 
center. The spacing of vertical stirrups in that portion of the beam 
which requires reinforcing is never greater than Id. Since the 
bending moment of a beam decreases from the center towards the 
supports, it is customary to bend up the longitudinal reinforcement 
near the ends where it is not required to carry the tension due to 
flexure. In continuous beams, the bent-up rods take the negative 
moment which exists at intermediate supports. 

892. Bond. — Usually the entire stress carried by the steel of a 
reinforced concrete beam is transmitted to the reinforcing bars by 
bond or adhesion between the steel and concrete. Stress is also 
conveyed to the steel of a reinforced concrete column in like man- 
ner. Experience has shown that the bond is reliable and permanent, 
and that plain bars may be used in most structures with success. 
Deformed and twisted bars are used to a large extent in structures 
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where the stress between the steel and the concrete exceeds the 
safe working adhesion of the plain rod. The indented surfaces of 
deformed bars produce a mechanical bond in addition to the adhe- 
sion already mentioned. 

For ordinary smooth, round, or square bars the adhesive strength 
may he taken as 200 to 300 pounds per square inch. A rough sur- 
face gives a greater adhesive value than a smooth surface. Con- 
sequently, a thin film of rust on the reinforcing metal should not 
cause rejection. Steel with loose or scaly rust should not be allowed ; 
however, it may be used if it is first cleaned with a stiff-wire 
brush or given a prickly bath of sulphuric acid solution (1 part 
acid to 6 parts water) and then dipped into clean water. Oiling or 
painting of reinforcing steel reduces the adhesion and hence should 
not be permitted. 

893. The adhesion should be equal to the stress which is trans- 
mitted by the rod; therefore, the rod must be imbedded for such a 
length that the area of the surface imbedded multiplied by the unit 
bonding stress equals the cross-sectional area of the rod multiplied 
by the allowable unit tensile stress in steel. 

Expressed in an equation, we have, letting L equal length to 
which rod is imbedded, h equal the unit bonding stress, and r equal 
the radius of the rod, 


2vrLlh = A,f, = IT r^f, (893A) 

Or (893B) 

It is a common practice to bend the ends of reinforcing rods into 
hooks consisting of either curved or right-angle bends. (Fig. 893 A.) 


Fig. 893 A 


a h 

Experiments on the efficiency of such hooks have shown that the 
ultimate bonding strength was greatly increased. When curved ends 
are used they should consist of bends through 180° with short 
lengths of straight rods beyond as shown at ah in Fig. 893A. Short 
square hooks upon the ends of bars are not of great value. 
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For more detailed information see: 

Concrete Engineers Handbook, Hool & Johnson. 
Concrete, Plain and Reinforced, Taylor & Thompson. 
Reinforced Concrete Constructions, Hool. 

Materials of Construction, Johnson. 

Portland Cement Association Pamphlets. 


PROBLEMS. 

P. 801. How many fence posts 3'' x 3" at the top, 5" x 5" at the bottom, and 
7' long can be made from one sack of cement? How much sand and gravel 
will be needed? 

P. 802. Required the quantity of materials to construct a basement wall 12" 
thick, 6' '5" high above footing, for a house 25' x 40' outside dimensions. The 
footing is 1' 6" wide and 6" thick. Concrete proportions are 1:3:5. 

P, 803. Required the quantities of materials to* construct a concrete floor for 
a basement. Interior dimensions of the basement 23' x 38'. Floor 5" thick all 
over, with 4" base of concrete proportioned 1:2% : 5, and 1" wearing* course 
composed of cement mortar proportioned 1 : 2. 

P. 804. A small dam 50' long is to be built of concrete. It will have a trape- 
zoidal section 5' wide on top and 10' wide on the bottom, height 12'. What 
mixture of concrete shoiild be used and how much cement, sand, and gravel 
will be required? 

P. 805. A one-course concrete floor 6" thick is to be built. It is 18' x 24'. What 
mixture should be used and how much cement, sand, and gravel is required? 

P. 806. It is proposed to build a swimming pool 100' long and 40' wide, the 
walls and bottom to be 12" thick. It is to be 12' deep at one end and 5' at the 
other. It will be surfaced inside, the coat being 1" thick. How much cement, 
sand, and gravel are required ? 

P. 807. Find the position of the neutral axis of the T-beam shown in Fig. 
P. 807. 


"ri 


:< 

: 


44 "-— 




fl” usteel-bars 


Fi£. P 807 


P. 808. Find the position of the neutral axis of a rectangular reinforced 
concrete beam, 6=10" and d=16", reinforcement three 1" square bars. 

P. 809. Find the position of the neutral axis of a reinforced concrete beam 
in which 6=14" and c2=i8", the reinforcing being four 1" round rods. 
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.!P. 810. A rectangular reinforced concrete beam with 6=8" and d=12" is 
reinforced by three steel %" round oars; E\^= 30,000,000, £'^=2,500,000, 
/^=650 pounds per sq. in, f ^=16,000 pounds per sq. in. What is the moment 
of resistance of the beam? 

P. 811. What would be the moment of resistance of the beam in Problem 
P. 810 if d were 16''? 

P. 812. Find the value of and when the beam given in Problem P. 810 
is subjected to a bending moment of 120,000 inch pounds. 

P. 813. What will be the moment of resistance of a reinforced concrete beam 
whose breadth is 12" and depth, d, is 16"? The beam is reinforced with; three 
1" square rods. £7^=30,000,000, £^^=2, 000, 000, /^=b50 pounds per sq. in., 
/g= 16,000 pounds per sq. in. 

P. 814. What would be the maximum unit stress in the steel and concrete in 
the beam given in Problem P. 813 if it were subjected to a bending moment 
of 400,000 inch pounds? 

P. 815. A reinforced concrete beam resting on end supports is 20' long. It is 
12" X 18" and the center of the steel is 15" below the top of the beam. It is 
loaded at 5' from the left end with 2500 pounds and at the center with 3000 
pounds. What percentage of steel is required in order that the unit stress in 
the concrete shall not exceed 600 pounds per sq. in? w=15. 

P. 816. A rectangular reinforced concrete beam 14' long carries a load of 
700 pounds per linear foot. If 6 = 10" and there is .6% of steel, what value 
has d? (/^=600 pounds per sq. in., /g= 16,000 pounds per sq. in., 7z=15) 

P. 817. A reinforced concrete beam 18' long resting on end supports is 
12" X 20". It carries a uniform load, including its own weight, of 1000 pounds 
per linear foot. If 30 pounds per sq. in. is the unit allowable shearing strength 
of concrete, find the size and spacing of the stirrups. 



CHAPTER IX. 


TESTING OF MATERIALS. 

901. Purpose of Testing Materials. — In designing any structure 
it is necessary for the engineer to know the physical properties of 
the materials of which the structure is to be built. The engineer 
works simply with an allowable or safe unit stress but this unit 
stress must be determined with accuracy in order that the work 
may be of the required strength and still be economical in material. 
The allowable unit stress being a function of the ultimate unit 
stress, it becomes necessary to determine the latter. This is done 
by testing the material in a laboratory equipped with standard 
testing machines. 

902. Research Tests. — The tests made to determine the physical 
properties of a material are called research tests, and are made for 
the most part in the laboratories of the U. S. Bureau of Standards 
and several of our larger universities and by some manufacturing 
concerns. From the results of a large number of these tests the 
allowable unit stresses are determined. The engineer has then 
simply to determine that the material delivered to the work meets 
the specifications which have been laid down by the designer and 
which were the basis of the design. 

903. Acceptance Tests. — The tests of the delivered materials to 
determine whether they are acceptable are called acceptance' tests. 
The actual tests made are similar to those made in research work, 
but the number necessary is not so great, and the test is usually 
abbreviated. This employment of the results of tests, as a basis 
for the acceptance of materials, at the work, has become very com- 
mon, and is becoming more and more important as the methods 
of manufacture improve and our knowledge of the materials of 
construction increases. 

904. Specifications and Inspection. — The specifications which 
form part of the contract covering the building of a structure in- 
clude requirements as to the strength, limiting sizes, finish, and 
chemical ingredients of the various materials to be used. In this 
way it is provided that defective material, or material which does 
not reach a certain standard of quality, shall not be used on the 
work. The American Society for Testing Materials publishes each 
year specifications, which have come into quite general use as 
standards throughout the country, for practically all materials. 
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905. The inspection of the delivered materials consists in ex- 
amining them for visible defects and checking the correctness of 
dimensions as well as the selecting of samples to be tested in the 
laboratory. The tests made may be chemical, to see that the 
proper elements and none others are present; microscopic, to de- 
termine the structure of the material, especially in the case of 
metals ; or physical, to determine the strength of the material, its 
hardness, toughness, or ductility. 

906. Selection of Specimens. — ^In' order that the test results may 
be of value, it is necessary that the sample or specimen tested be 
representative of the material. The specifications usually prescribe 
the manner in which specimens will be selected. In the case of 
metals, the test pieces may be cut from the finished product or, in 
the case of castings, special molds of the desired size may be poured. 
When cutting a piece from a casting, it is to be remembered that 
the outside is stronger than the interior due to the lesser shrinkage 
strains while cooling. Where the metal has been rolled, the thinner 
parts are stronger because they have received more work under the 
rollers than the thicker sections. 

907. In selecting samples of brick, tile, or other similar ma- 
terials, the pile, or piles, should be divided into a number of ap- 
proximately equal parts and a sample taken from each. The 
sfimples thus selected can then be reduced in number by a similar 
method. With burnt-clay products, the color, state of burning, and 
ring under the hammer, should be considered in order that the 
samples taken may be truly representative of the material. 

908. Stone from a quarry should be selected from each stratum 
that is being worked, remembering that stone near the sur- 
face has weathered and therefore partially changed in strength 
and that the stone adjacent to blast holes has been weakened by 
the' explosion. 

909. Timber specimens should always be of sufficient size to off- 
set any local irregularity in the structure of the wood due to knots, 
seasoning, or other causes which would make the results of tests 
on a small specimen not truly representative of the timber in 
structural sizes. 


TESTING MACHINES. 

910. Universal Testing Machine. — ^The most common machine 
ui^'e& in testing materials is so arranged that it can make tension. 
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compression, and flexure tests, and is therefore known as a uni- 
versal machine. There are two general types used in this country, 
(according to the way the movable crosshead is operated), the screw- 
gear machine, and the hydraulic machine. Testing machines may 
also be classified according to whether the specimen is placed 
vertically or horizontally. The vertical position is in general use for 
testing of small specimens, but the parts of the machine and the 
specimen are not as accessible as in the horizontal type. 

911. Olsen Testing Machine. — common universal machine of 
the screw-gear type is the Olsen (Fig. 911A), which is built in 



Olsen’s Automatic Universal Testing Machine 
Fil. 911 A 


capacities from 30,000 to 400,000 pounds. Power is furnished by 
a direct-connected motor through the shaft, 1, to the gear, 2, and a 
system of gears shown connected to the screws, in Fig. 911B. 
The gears rotate the screws, which cause the pulling head or 
crosshead, 5, to move either up or down, according to the direction 
of drive. The clutch levers, 3 and 4, are used to control the speed 
at which the pulling head moves. The machine is shown with a 
tension specimen, 6, in place, the pull on which is carried down 
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through the columns, 7, to the weighing table, 8. The weighing 
table is supported on knife-edges connecting with a system of levers, 
(Fig. 911B), and 10, 11, and 12 (Fig. 911A). This system' of 



Fig. 911 B. Screw-power Universal Testing Machine 


levers has the effect of reducing the force exerted until it can be 
balanced by the poise, 13, on the scale beam. The poise may be 
moved by hand by means of the hand wheel, 14, and a screw running 
along the scale beam, or it can be controlled automatically by the 
cone drive, 15, which ia disconnected electrically as soon as the scale 
beam drops. 

In mak ing compression tests the specimen is placed between the 
pulling head, 5, and the weighing table, 8. Flexure tests and shear 
tests are made in a similar manner, attachments being provided 
to direct the force on the specimen in the proper manner. 

912. Emery Testing Machine. — ^This machine (Fig. 912A) is an 
example of the hydraulic type. The load is applied to the specimen, 
2, by the hydraulic ram, 1, and transmitted to the yoke, 3, which 
causes the hydraulic support, 4, to bear against the vertical beam, 
5. The pressure on the liquid (oil) in the hydraulic support is 
transmitted to the chamber, 7, where it operates a system of levers 
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attached to the scale beam. This method of weighing the load is 
more sensitive than that used in the screw-gear^type of machine. 



Diagram of Emery Testing Machine 
Fig. 912 A 


The U. S. Bureau of Standards at Washington, D. C., has a ma- 
chine of this type, with a compression capacity of 2,300,000 pounds, 
which will take a specimen 33' long. 

913. Attachments for Bending and Shear Tests. — ^The appara- 
tus shown diagrammatically in Fig. 913A is used in conjunction 
with universal testing machines in making bending tests. In 


c 


CrosH^Head of 
Testing Machine 


Weighing / \ Table of Testing 




& 


Machine 


Fig. 913 A 

laboratories where any amount of this work is done special equip- 
ment is usually provided. These machines hold the specimen in 
the manner shown in Fig. 913A, the load being applied through 
the upper knife-edge while one of the lower knife-edges is fixed 
and the other attached to the weighing device. 

To test for shear, a shear block (Fig. 913B) is used. The bed. 
1, is placed on the weighing table, the pulling head exerting the 
required force through the plunger, 3, which moves the block, 4, 
against the specimen, 2, 

914. Cold-bending Machine. — The cold-bending test can be made 
in a universal machine by use of the apparatus shown in Fig. 914A 
which is a Riehl6 Brothers bending attachment. The upper part 
of the tool is forced down on the specimen by the movable he ad , 
the bend being made around it. 
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The Olsen cold-bending machine is shown in Fig. 914B. This 
machine clamps the specimen at the left end, bending it around a 
central pin by the action of a pin starting from the right and con- 
trolled by an electric motor. 



Fig. 9U B 

Olsen^s Improved Cold-bending Machine 

915. Cement Briquette Testing Machine. — In order to test the 
tensile strength of cement a standard briquette is made, which, 
after proper drying, is tested in a machine of the general type 
shown in Fig. 915A. The briquette is placed in the clamps, g, 
enough fine shot having been placed in the holder, 6, to balance the 
weight, w. The trigger, t, is then released which operates a valve 
allowing the shot to drop gradually into the holder, c. This un- 
balances the lever on top, and the weight, w, moving down, exerts 
a force on the clamps, g, which increases until rupture takes 
place. As soon as the specimen ruptures and the clamps, g, sepa- 
rate, the rod, r, closes the shot valve. The force which was required 
to break the briquette is proportional to the amount of shot which 
dropped into c. The balance at c is graduated to read the load on 
the briquette usually to the nearest 5 pounds. 

916. Impact Testing Machine. — Two general types of machines 
are used for impact tests : the pendulum type, and the drop-hammer 
type. The former is used for testing small specimens and consists 
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Fig. 915 A 

. Automatic Briquette Testing Machine 

of a heavy pendulum which is. swung from a known height and 
allowed to break the specimen. The resistance of the test piece is 
then computed from the energy remaining in the pendulum after 
it passes through the specimen, the height to which the pendulum 
swings after breaking the test piece being a measure of this residual 
energy. 

The drop-hammer type of machine is shown in diagrammatic 
form in Fig. 916A. In this machine the electric magnet, M, is 
attached to the hammer, H, by closing the switch. Power then 
applied through the pulley and hoist at D raises the hammer to a 
predetermined height indicated by the pointer attached to H on the 
scale. The specimen is placed on the adjustable support blocks, 
B, as shown in the figure. The hammer is then dropped by pulling 
the switch, S, which demagnetizes the magnet. As the hammer 
drops, the pencil, P, which is attached to it, records a graph as 
shown in Fig. 933A on a sheet of paper attached to the roll, R, 
which is driven at a known constant speed by the pulley shown at 
its base. 

TESTS. 

Tension Tests. 

917. Importance of the Tension Test. — ^In general, the tension 
test is the one most commonly made on metals, since it can be per- 
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Fig. 916 A 

Drop Type of Impact Testing Machine 

formed easily, and shows more completely the true homogeneity 
and strength, of the material. The ruptured tension specimen 
presents broken surfaces which are of value in determini n g the 
structure of the metal and its condition. For these reasons the 
tension test has come to be considered as the best single test to 
make of a metal. 

In the case of wood, the tension test is not of great importance, 
since wood in tension parallel to the grain, is so much stronger 
than in compression that the latter stress governs in design. 

918. Tension Specimens. — ^The form of the test specimen, it has 
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been found, alfects the results obtained in tension tests. For this 
reason efforts have been made to standardize the preparation of 



Fig. 918 ^ 


specimens, and the specifications 
resulting should be followed in 
order that the tests made may be 
of uniform application. In Fig. 
918A are shown two forms for 
specimens which are in accord- 
ance with recent practice, al- 
though sizes and shapes vary 
with the material and the pur- 
pose of the test. The type of 
grips with which the testing 
machine is equipped determines 
whether a smooth or threaded 
end is to be used. The latter end 
is preferable, however, since it 
gives a firm grip in the machine, 
yet reduces to a minimum the 
compression produced by the 
grips. 


919. Form of Results. — The results of a tension test are plotted 
on cross-section paper to form a stress-strain curve as described in 


ElongJtion 
100,000 Iba. 
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40.000 ** 

20.000 •« 


0 

SloAfffttlOO* 

Fig. 919 A 

paragraph 207. From this curve (Fig. 919A), the following sig- 
nificant results are obtained: 

a. The ultimate strength which is found by dividing the load in 
pounds at the point of rupture, D, by the original area, 
in square inches, of the test specimen. 
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h. The elastic limit which is found by dividing the load in pounds 
at the yield point, B, or the elastic limit, by the original area 
in square inches of the specimen. 

c. The percent elongation which is determined from the ratio of 

the original length and the amount of elongation. 

d. The modulus of elasticity which is obtained by dividing the 

unit stress in pounds at the elastic limit by the corresponding 
unit elongation. 

920. Examples of Rupture. — ^In Fig. 920A are shown several 
ruptured metal specimens which are characteristic. Cast iron gives 
a square break in tension, as shown in 1, and presents a crystalline 



Characteristic Fractures of Metals ia Teasioo 
Fig. 9^0 J. 

surface rupture. Steel of a very high carbon content is apt to 
rupture in a similar manner showing a very fine crystalline struc- 
ture. Specimen 2 is also high carbon steel which in this case shows 
a fine-cup and flat-cone fracture. Soft and medium steels break 
with a full-cup and cone fracture as in 3, the appearance of the 
break being silky ; if, however, the specimen is eccentrically 
loaded, the rupture occurs as shown in 4 and 5. A common type of 
rupture for a medium steel bar is shown in 6, while a wrought iron 
bar shows a ragged fibrous break as in 7. 

Compression Tests. 

921. In compression tests it is necessary to take into considera- 
tion the ratio of slenderness of the specimen. The testing of col- 
umns is complicated by many elements such as; the method of 
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attaching the ends, position of the load, make-up of the column, and 
its proportions. Standard texts on testing of materials and many 
reports on specific tests are obtainable which cover this type of 
compression test, hence we shall consider only tests on short prisms. 

The compression test is of primary importance in the case of 
wood, since, as stated in paragraph 916, compressive strength 
governs this material in design. The compression test is also of 
primary importance in the case of materials like stone, concrete, 
and clay products, which have such a low tensile strength that they 
are generally used only as compression members. 

922. Compression Specimens. — ^Two general forms of specimens 
are used in making compression tests. For materials which rupture 
on inclined planes it is common to use a cylinder whose height is 
twice its diameter; for all others, the cube, or a prism pro- 
portioned as the cylinder above, is used. The cylindrical form has 
the advantage of eliminating the corners which on cubes are apt to 
give incorrect results due to weaknesses produced at these points 
in preparing the specimen. For this reason the cube or rectangular 
form of test piece is gradually being replaced by the cylindrical. 
For concrete, as an example, the common practice is to use a cylin- 
der 6" in diameter by 12 " high. 

It is important that the faces of the specimen remain parallel 
during the compression test and that the specimen be centered in 
order that the line of force may pass through its axis. To aid in 
keeping the faces parallel, spherical seated blocks are used which ad- 
just automatically as the test progresses. With such blocks in use 
the importance of centering the specimen is evident. 

923. Result of Compression Test. — With the elastic materials 
the results obtained in a compression test are similar in form 
to those obtained under tension. The yield point, the ultimate 
strength, and the modulus of elasticity can be quite accurately de- 
termined. A curve similar to a tension curve can be plotted. With 
softer materials the critical points are not so accurately marked 
and it is difficult to determine the exact point at which rupture 
takes place. 

Concrete, stone, brick, and other brittle materials may or may not 
show an elastic limit and the load at the first sign of failure becomes 
of importance. With these materials the compression test is the 
most important j'ust as the tension test is the most important with 
metals. 



248 


Civil Engineering. 


Bending Tests. 

924. The transverse test of materials can be quickly made and 
is comparatively an inexpensive test. It is used to develop and 
correct formulas used for flexure and deflection of beams, and in 
the case of structural shapes, to determine the constants found in 
the engineering handbooks. With brittle materials this test gives 
an index of the strength, toughness, and stiffness which is of value 
in determining their properties. The flexure test is also used to de- 
termine the elastic resistance. 

925. Bending Specimens. — ^For tests on timber, cement mortar, 
and malleable iron, the specimen in general use is rectangular in 
section. The span varies with the material, and specifications for 
transverse tests usually give the span a relationship to the depth 
of the specimen in order that the test results may be uniform. 
With cast metals it is customary to use a cylindrical section with 
a span 15 times the diameter. For structural steel the specimen 
should be cut from the rolled product in order that it will be geo- 
metrically similar and the condition of rolling will be the same as 
in the product being tested. 

926. Results of Bending Tests. — ^The results obtained from trans- 
verse tests are similar to those described under tension. Curves 
are often plotted, showing the results, in which the loads in pounds 
are used as ordinates, and the deflections in inches, as abscissas. The 
critical points can be indicated on the curves thus drawm. 

Shear Tests. 

927. Object of Shear Tests. — Shear as a stress appears in con- 
junction with bending except in the case of rivets and very short 
pins. In wooden beams, strength in shear may be a governing 
factor in design, and hence important : whereas in metals, it enters 
into the design of rivets, pins, and very short beams, only, and there- 
fore is of secondary importance. Its determination, however, 
does aid the designer and should therefore be made for structural 
materials. 

928. Shear Specimens. — It is common practice to use a specimen 
wdth a rectangular cross-section, although cylinders are often em- 
ployed. For tests of wood, the specimen should be prepared so that 
the test is not made tangent to the annual rings, since wood has 
very little strength in a plane tangent to these rings. Care should 
be exercised in placing the test piece in the shear tool in order that 
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the stress developed may be purely shear or accompanied by as little 
cross-bending as possible. In order to eliminate cross-bending the 
sliding planes of the shear tool should be as close together as pos- 
sible and the specimen should be rigidly fixed in place. 

929. Results of Shear Tests. — ^It is impossible to determine the 
elastic limit and modulus of elasticity of a material from the shear 
test because of the inability of the observer to obtain data during 
the test. The ultimate strength is, therefore, the only real result 
obtained, and torsion tests have to be resorted to in order to obtain 
■working values for the other significant results. 

Cold-Bending Tests. 

930. The cold-bending test consists in sharply bending a specimen 
through an angle of 180°. It is used to determine a measure of the 
ductility of a metal, and, when specimens are nicked to insure break- 
ing, to determine the structure and condition of the metal. The 
angle to which a specimen can be bent ■without rupturing is taken 
as a measure of its ductility. 

This test is used very commonly in shops and can be made -with 
very simple equipment, which is a great advantage, but does not 
permit of the standardization accomplished in the other tests. 

Impact Tests. 

931. Objects of Impact Tests. — ^When a material is to be sub- 
jected to shock, as railroad rails or car wheels, it becomes necessary 
to determine how it ■will -withstand these suddenly applied forces. 
Especially in railroad work and machine design the whole subject 
of impact is becoming of ever increasing importance due to in- 
creases in the loads and the speeds at which they move. 

932. Accuracy of Impact Tests. — ^Due to the impossibility of 
standardizing impact tests on the machines now available, the re- 
sults obtained cannot be applied with the same accuracy as, for 
fexample, is the case with the results of tension tests. The principal 
inaccuracies develop from the mechanical difiiculties of pro-viding 
a rigid and standard anvil and hammer, and the lack of parallelism 
between the faces of the specimen and the anvil and hammer while 
the machine is operating. However, while the results obtained are 
not so accurate as could be desired, they are, nevertheless, of great 
value in determining the physical properties of the various materials 
under impact forces. 
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933. Besults of Impact Tests. — ^As stated in paragraph 916, the 
impact machines in general use are self-recording, furnishing a 
diagram of the general form shown in Fig. 933A. In this diagram 



933 A. 

time is plotted on the X axis and height of fall on the Y axis. The 
point, D, gives the location of the hammer as it strikes the specimen. 
The part of the curve above D represents then the free fall of the 
hammer before striking the specimen, while that below J) repre- 
sents its free fall after it has broken the specimen. Both parts of 
the curve are parabolas. 

Energy is required to rupture the specimen, which energy is ab- 
sorbed from the falling hammer, thereby changing its speed as 
shown by the abrupt change of slope in the curve at D. If the actual 
velocities of the hammer, before and after rupturing the test piece, 
can be determined, the amount of energy required to break the 
specimen can be computed. 
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Select any two points as A and B and let k be the vertical dis- 
tance between them. Let W represent the weight of the hammer. 
Then since the velocity, V, at any point of the curve is represented 
by the slope at that point we have, representing increment by A , 


Velocity at A = Va=^^ and the velocity at B = Vb=^^. 

A/a AJb 

Neglecting friction and the losses due to the machine, the kinetic 
energy of the hammer at A is 


W (VaT 

2g 


(929A) 


If the hammer had fallen freely to B it would have absorbed be- 
tween A and B energy represented by Wh and its total kinetic 
energy at B would then have been 


W (V^y 

■ 2g 


^Wh 


(929B) 


But the velocity at S is Vs, and we know therefore that the actual 
kinetic energy in the hammer at B is 


W (Vs)^ ■ 


2g 


(929C) 


The difference then between expressions 929B and 929C gives the 
energy which was given up in rupturing the specimen, which is 


L 2flr ^ J 2g 


(929D) 


For more detailed information see: 

Materials of Construction, Johnson. 

Materials of Engineering, Moore. 

The Strength of Materials, Ewing. 

The Testing of Materials of Construction, Unwin. 
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PROBLEMS. 

P. 901. A steel tension test specimen is 8" long and 1.5" in diameter. If 
Fig, 919A shows the results of the test of this specimen, find (a) the ultimate 
strength, (b) the elastic limit, (c) the percent elongation, and (d) the modulus 
of elasticity. What allowable unit stress would you recommend for this steel? 

P. 902. Work problem P. 901, the specimen being 10" long and 1.75" in 
diameter. 

P. 903. Find the ultimate strength, the coefficient of elasticity, and the elas- 
tic limit of a specimen 3" long, 0.505" in diameter, which was tested with the 
following results: 


Applied Load 

Elongation per Inch. 

Pounds. 

Inches. 

200 

0 

1000 

0.000133 

4000 

0.000667 

8000 

0.001367 

12000 

0.002067 

13600 

0.002467 

14000 

0.006133 

16000 

0.0133 

18000 

0.0200 

20000 

0.0333 

22000 

0.0500 



PART III. 


COMPONENT PARTS OF STRUCTURES. 

The science of construction consists mainly in giving to every part 
of a structure the proper construction and the proper degree of strength 
with the least material necessary for the purpose. If any part of a struc- 
ture is not strong enough, the structure will fail; if any piece is made 
stronger than is necessary, the superfluous weight of this piece will in 
general be transmitted to some other part, and the latter, in consequence, 
will be required to sustain a greater load than it should. Hence the 
proper construction, and the proper size and distribution, of the different 
parts of the structure should be carefully determined before the parts 
are combined in the complete structure. 



CHAPTER X. 

FRAMING. 

1001. A^ frame is an arrangement of beams, bars, rods, etc., made 
for sustaining strains. The art of arranging and fitting the different 
pieces is called framing, and forms one of the subdivisions of the art 
of construction. The object to be attained in framing is to arrange the 
pieces, with due regard to lightness and economy of material, so that they 
shall best resist, mthout change of form in the frame, the stresses to which 
the latter may be subjected. 

The principal frames employed by engineers are those used in bridges, 
centers for arches, coffer-dams, caissons, floors, partitions, roofs, and 
staircases. 

The materials used in their construction are generally wood and steel. 
The latter, in addition to superior strength, possesses an advantage over 
wood in being susceptible of receiving the most suitable form to resist 
the stresses to which it may be subjected. 

1002. The joints are surfaces at which the pieces of a frame are con- 
nected; they are of various kinds, according to the relative positions 
of the pieces and to the forces which the pieces exert on each other. 

The following general rules should be observed in the construction of 
joints for frames of timber: 

a. Arrange the joints and fastenings so as to weaken as little as possible 
the pieces which are to be coimected. 

b. In a joint subjected to compression, place the abutting surfaces 
as nearly as possible perpendicular to the direction of the force. 

c. Give to such compressive joints as great a surface as practicable. 

d. Proportion the fastenings so that they will be equal in strength to 
the pieces they connect. 

e. Place the fastenings so that there will be no danger of the joint 
giving way by the fastenings shearing or crushing the timber. 

In modem construction, it is good practice to reinforce an important 
wooden joint with metal fastenings, such as nails, bolts, pins, straps, 
stirrups, plates, and caps. These are easily procured, and greatly in- 
crease the strength of the joint. 

Figs. 1002A to S show timber joints, some with and some without 
metal reinforcement. 
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1008. With respect to the method of connection, joints are classified 
as: 

Lap joints, as shown in Fig. 1002A. 

Butt " “ “ " “ 1002B, C, E, G. 

Scarf “ “ “ “ “ 1002D, E, F, G. 

Mortise and tenon joints “ 1002H, I, J, K. 

Dove-tail joints “ 1002Q. 

1004. Joints may be classified, with respect to the forces to which they 
may be subjected, as tensile, compressive, etc. However, many joints 
resist more than one kind of stress, and the same joint may be listed 
under two or more classifications. 

1005. Tension. — ^Many of the joints shown in Figs. 1002A to S are 
suitable to resist tension. In Figs. 1002K, O, and P, the metal fastenings 
materially strengthen the joints. 

1006. Problem. — ^Design a scarf joint similar to the one shown in Pig. 1002F con- 
necting two timbers 8" X 12" in cro^ section and sufficiently strong to resist a tensile 
stress of 16,000 pounds. 
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Solution. — The timbers tend to shear off longitudinally in a plane paralld to the 
direction of the axial tension. 

p 

Using equation 236A ^ • 

Making proper substitutions, we have, 

150 = 

A 

A = 100 sq. in. 

As the width of the surface of shear is 12", the length of the timber from the joint to 
the end must be at least: = 8.33". 


1007. Compression. — Joints shown in Figs. 1002B, C, E, and I are 
suitable to resist compression. The fish plates in Figs. 1002B, C, and 
E would be more effective if placed on all four sides. The. joints. Figs. 
1002 J, R, and S are also effective, greater strength being obtained by the 
addition of the metal pieces. 

1008. Bending. — In a joint like that in Fig. 1002G, it is found that 
the resistance to bending is greatest when the fish plates are on the side, 
as shown. However, joints should be avoided in pieces subjected to 
bending. 




If the span is so great that the beam may not support the load, it is 
best to strengthen it by shores, corbels, or shores and straining beams, 
as shown in Figs. 1008A., B, and C. 
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BUILT-UP BEAMS. 

1009. When a beam or girder of great depth is required, we do not 
obtain it by merely laying one beam flat upon another, as we would 
thus secure only as mudi strength as the two beams would have if separ- 
ate, and not as much strength as that of a solid beam as large as the two. 
But if we prevent the two beams from sliding on one another, by insert- 
ing transverse blocks or keys, or by indenting them into one another 
and then bolting or strapping them firmly together to create friction. 






Fig. 1009 


we obtain nearly the strength of a solid beam of the total depth; which 
strength varies as the square of the depth. (Figs. 1009A, B, C.) Beams 
so constructed are called built-up beams. 

When a beam is built of several pieces in length as well as in depth, 
the pieces should break joints with each other. The layers below the 
neutral axis should be strengthened by the scarf or fish joints used for 
resisting tension, and the upper pieces should have the ends abut against 
each other, using plain butt joints. 

It is difficult to obtain a large beam without defects. Therefore many 
builders prefer using a built-up beam of selected timber rather than a 
single solid one. Moreover, the strength of the built-up beam can be 
relied upon, although it cannot be stronger than the corresponding solid 
beam would be if perfectly sound. 

1010. Problein.T— A wooden beam 18' long, 8" deep, and 6" wide, supported at the 
ends, is made up of two pieces, each 4" thick and 6" wide, placed one on the other and 
held together by round wooden pins 1" in diameter. A weight of 600 pounds rests on 
the beam at its middle point. How many wooden pins must be used to insure a factor 
of safety of 5 against horizontal shear? Neglect weight of beam. 

Solution. — ^The vertical shear on each half of the beam is 300 pounds. 

From equation 333A, we have 

‘■-K&) 

Making proper substitutions, we obtain; 

_ 3 / 300 \ 76 
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Total shear = X 18 X 12 X 6. 

o 

Ultimate value of wood in shear across grain = 3000 pounds. 

Safe value with a factor of safety of 5 ~ = 600 pounds. 

o 

Area of one pin = .7854 sq. in. 

I7K 

-g X 18 X 12 X 6 

No. of pins required = — — = 25.8 or 26 pins. 


TRUSSES. 

1011. A truss is a triangular frame or system of triangular frames so 
arranged in a structure that the outside forces are applied only at the 
joints and consequently the members of the frame sustain only longi- 
tudinal stresses. In many trusses the pieces or members composing 
the trusses may be divided into two general groups; horizontal members 
which are called chords, and vertical or inclined members which are 
called webs. In roof trusses, the upper inclined members are called 
chords. Web members subjected to tensile stress are called ties; those 
subjected to compressive stress, struts. 

For long spans, a system of trusses is very necessary. For ejcample, 
an ordinary truss railway bridge with a span of 200 feet can sustain its 
own weight and that of a loaded freight train covering its entire span: 
but a square steel beam capable of sustaining its own weight and that of 
a freight train would have to be 64 inches on a side, and would weigh 
seven times as much as the truss bridge. It is thus seen that for long 
spans, a system of trusses is not only of great value in saving of metal 
but also is the only practicable method because of the enormous beams 
that would be required without the use of trusses. 

1012. A very simple truss is shown in Fig. 1012A. The forces acting 
at the point B must be in equilibrium: therefore, the vertical com- 
ponent of the stress in AB and that in BD must each be equal to W. 
As shown in Fig. 1012B, the force along A'B or BD' which will have 
a vertical component equal to TT is given by the equation 

and = sin <i> (1012A) 

BA' and BD' = ^ i (1012B) 

sm^ sin.^ ^ ' 


Fafh acts toward B and is compressive. 
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1013. Going to the point A (Pig. 1013A), we have the compressive 
force on B'A equal to • Since the forces at A must be in equilibrium. 


we have 


Also 


B'C 

B'A 

B'C' . , 

(1013A) 


sin ^ 


B'C 

= W 

(1013B) 

C'A 

B'A 

C'A 

(1013C) 


sin 


C'A 

W 

tan <i> 

(1013D) 



Fig. 1013 A 


1014. The above problem may also be solved graphically by the 
methods of graphical statics. Briefly, this method consists in repre- 
senting the intensities of forces by length of lines and in determining any 
unknown forces by the aid of a force polygon which is merely an elabora- 
tion of the force parallelogram with which the student of Mechanics is 
already familiar. The basic principle of the force parallelogram, as 
applied to graphical statics, lies in the fact that as there is equilibrium 
at each point, the force parallelogram or force polygon representing all 
the forces acting at the point must form a dos^ figure. For more in- 
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volved problems in graphical statics, the student is referred to Chap. XV 
of this text. 

Applying graphical methods to Fig. 1012A, we find the stresses in AB 
and BD to be A'B and BD' from the force parallelogram indicated. In 
this parallelogram, BD' was drawn through B extending BD. Through 
the upper end of the line representing by its length and location the force 
2 W applied at B, a line was drawn parallel to AB. The intersection 
of this line with BD extended determined the intensities of the com- 
ponents of the force 2 W in the direction of AB and BD, which intensi- 
ties must be equal and opposite to the stresses in AB and BD if there 
is to be equilibrium at the point B. 

Similarly at the point A, we have, as the known forces acting at that 
point, the stress in AB and the vertical reaction W at the support. The 
only unknown force at this point is the stress in the member AD. Prom 
A, Fig. 1013A, lay off along AB to any scale a length representing the 
intensity of the stress in AB. Also lay off from the extremity of line 
thus determined a line parallel to the known reaction and equal to it in 
length using the same scale as for AB. The length from A to the point 
of intersection of AD with this line determines the intensity of the stress 
in AD. 


THE BOOM DERRICK. 

1015. The boom derrick (Fig. 1015A) is a machine of triangular frame 
for lifting wdghts and distributing them over a horizontal area. The 
mast BB' is of steel or wood, fixed vertically, but rotating about its 
vertical axis. The boom AH is of steel or wood, with its lower end piv- 


B 
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oted at H and its upper end free to move up or down as the length AB is 
increased or decreased. The topping lift is the member of the triangular 
frame which changes in length. It is the portion AB of a rope running 
from A to B and then down the mast where it is attached at L or runs 
to one of the engine drums at L'. The main hoist is a rope which runs 
from W to A, down the boom to H, thence to the engine drum at H'. 
The guys, usually four in number, are attached to outside supports for 
the purpose of holding the mast vertical. 

Calculation of the stresses in the boom derrick is rendered more com- 
plicated by the existence of two stresses along the same line, as for 
example, a compression in the boom and a tension in the main hoist line, 
both acting along the line HA. However, there can be no change in 
the rule that each point or part or combination of parts must be in 
equilibrium; hence, there is no change in the system of calculating 
stresses. 


Stresses in Boom Derrick. 

1016. Outer End of Boom. — ^Let it be assumed that the hoist line 
from the weight stops at A and the topping lift at B. In this case 
the solution is not complicated by the existence of two forces acting along 
the same line. Eesolving AW into its components in the direction of 
AB and AH, we have (Fig. 1016A) 

AD : W : : sin Y : sin |5 (1016A) 

From the triangle ABH we have 

AH : BH :: sin r : sin |8 (1016B) 




AD-.W i-.AH -.BH 

rAH 


AD = W 


BH 


(1016C) 

(1016D) 


Taking the point A as a “free body,” we see that to maintain equi- 
librium the compression in the boom must equal AD and act in direction 
DA (Fig. 1016B). 



Framing. 


263 


Since A H and B H are fixed for the derrick, the compressiMi in AD is a 
constant factor of the weight and is independent of the angles of the 
boom and the mast. 



If the hoist line does not stop at A but goes on to H, we have now 
two forces along the line A H, one being the component of AW, and 
the other being an additional force equal to W. Therefore, to maintain 
equilibrium, the compression in the boom must counteract these two 
forces. Hence 

A H 

Total Compression in the Boom = W + W (1016E) 

1017. Topping Lift. — In Fig. 1016A, showing AW resolved into its 
components in the direction of the topping lift and in the direction of 
the boom, we have 

AF : IT : : sin a : siniS (1017A) 

From the triangle ABH (Fig. 1015A) we have 

BA : BH : : sin « : sin jS (1017B) 

Thence 

AE :W ::BA:BH (1017C) 

Therefore to maintain equilibrium by counteracting AE, we have 

BA 

Stress in Topping Lift = AE = W ^ (1017D) 

Since B His fixed, the stress in the topping lift increases as BA increases 
and is a maximum wh«i BA is a maximum which is, under the conditions 
assumed, when A His horizontal. 

1018. Top of Mast. — ^Let the point B be taken as a “ free body,” 
and let it be assumed that the lift line stops at B. Then (Fig. 1018A), 
a.cKiiTm'ng the guy to be horizontal, 

BE = BE cos Y (1018A) 

Substituting for BE its value AE from equation 1017D, we know that, 
to maintain equilibrium, we must have 

BA 

Stress in Mast = BF = W gg- cos y 


(1018B) 
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This stress varies with BA cos -y, and changes from compression in the 
mast, to zero, to tension in the mast as A moves from a point below B 
to one above B. 



Fig. 1018 A Fig. 1018 B 


If the lift does not stop at B but goes on down the mast, we have 
(Pig. 1018B) an additional force equal to AE acting on the mast, so 
that, to maintain equilibrium, we must have 

r> A r>A 

Total Stress in Mast = W + W cos y (1018C) 

1019. Guy. — ^The stress in one or more guys will be due to BG (Figs. 
1018A and B), the horizontal component of the topping lift. For a 
horizontal guy, we have 

BG = BE sin y (1019A) 

Substituting for BE its value AE from equation 1017D, we know that, 
to maintain equilibrium, we must have, 

BA 

Stress in Guy = BG = W sin y (1019B) 

But from Fig. 1016A, we know that 

BA : AjH sin a : sin -y (1019C) 

Substituting in equation 1019B, we obtain 

A FI 

Stress in Guy = BG = W sin a (1019D) 


The only variable is sin a-, therefore the stress in the guy varies with 
the angle a and is a maximum when a = 90°, that is when the boom is 
horizontal. 

If the guy is not horizontal, but makes an angle <!> with the horizontal, 
then its horizontal component must equal BG, and the actual stress in 


the guy will be 


p.;- AHsin <x 

B H cos <t> 


(1019E) 


1020. Problem. — ^The mast and the boom of a boom derrick are of equal length. 
The guy makes an angle of 46° with the horizontal. The main hoist line is made fast 
at the outer end of the boom. The topping lift is made fast at the outer end of the 
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boom and at the top of the mast. The load is 100 pounds. With the boom horizontal, 
find graphically the stress in the mast. 

Solution. — Referring to Fig. 101 5A, assume AH to be horizontal. Finding graph- 
ically the components of AW in the direction of the topping lift and of the boom, we 
have 

Component along topping lift = 141 
Component along boom =100 

Next, finding the components of the stress in the topping lift in the direction of the guy 
and the mast, we obtain 

Component along the guy = Component along the topping lift (since both make 
an angle of 45° with the vertical) = 141. 

Component along the mast (graphically or by calculation) = 200. 

The stress in the mast is therefore 200 pounds. This stress is compression. By in- 
spection it is also evident that it is compression, as the direction of the applied forces at 
B will cause compression in the mast. 

1021. Base. — If the hoist line and the topping lift stop at A and B, 
respectively, we have for the reaction at the support the resultant of the 
stresses in the boom and the mast, as given in equations 1016D and 1018B. 

If the lines stop at H and L, the reaction is the resultant of the com- 
pressive stresses as given in equations 1016E and 1018C minus the tensile 
forces equal to W and AE as carried by the lines along the boom and 
the mast to H. 

If the lines go to drums at H' and L', as is the case in large derricks, 
the reaction is the resultant of the forces already stated plus the two 
tensile forces equal to W and AE as carried by the lines from H and L 
to the drums. 

1022. Problem. — boom derrick is made up as follows: — ^The mast is 24' long; 
the boom is 32' long and is attached to the mast at the base of the mast. The guy 
makes an angle of 30° with the horizontal; the main hoist line runs along the boom to 
its junction with the mast, where it is fastened; the topping lift is fastened at the outer 
end of the boom and at the bottom of the mast. The boom is horizontal. The load 
is 12 tons. Find the reaction at the foot of the mast. 

Solution. — ^To solve this problem it is usually desirable to work from the point of 
application of the load, finding the stresses in each member of the structure and thus 
eventually obtaining the stress in the mast and the reaction at the base. It may also 
be solved merely for the reaction by considering the derrick as a structure in equilib- 
rium under three external forces which, being in equilibrium, must be either parallel 
or concurrent. In this case they cannot be parallel as will be seen. They must be 
concurrent. These forces are the applied load, the stress in the guy, and the reaction 
at the foot of the mast. 

The direction of the action line of the guy stress, the action line and intensity of the 
applied load, and the point of application of the reaction at the foot of the mast are 
known. Extend the two known action lines until they intersect. The action line of 
the reaction extended passes through this point of intersection because the system is 
concurrent. A parallelogram of forces constructed at this point of intersection on the 
known applied load gives the components of this known force in the direction of the 
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guy and the reaction. Performing the indicated operations graphically the reaction 
at the base of mast is found to have a numerical value of 26.6 tons. 

Solving by the usual method and first finding the components of the load in the direc- 
tion of the boom and topping lift, we have: 

Component in direction of topping lift = 20 tons. 

Component in direction of boom = 16 tons. 

Total stress in the topping lift = 20 tons. 

Total stress in the boom = 16 -h 12 = 28 tons. 

Next finding the components of the topping lift stress in the guy and along the mast, 
we have: 

Vertical component of stress in the mast (due to stress in topping lift) = 12 tons. 
Horizontal component of stress in guy (due to stress in topping lift) = 16 tons. 

16 

Stress in the Guy = — ^ • 
cos 30° 

Component along mast of stress in guy = - 9.2 tons. 

cos oU 

Stress along lift line = 20 tons. 

Total stress in mast = 12 +9.2+20 =41.2 tons. 

The forces acting at the bottom of the mast are then as follows: — 

Vertical forces: 41,2 tons compression in mast, and 20 tons tension in topping lift 
rope, or a resultant of 21.2 tons compression. 

Horizontal forces: 28 tons compression in boom, and 12 tons tension in the main fall 
rope, or. a resultant horizontal force of 16 compression. 

The reaction is equal to and opposed to the resultant of these two forces or 
Reaction = ^21.22 + 16^ = 26.6 tons. 

For more detailed information see: 

Structural Details of Elements of Design in Timber Framing, Jacoby. 

Civil Engineer's Pocket Book, Trautwine. 


PROBLEMS. 

P, 1001. (Fig. P. 1001.) The cantilever is made up of two pieces bolted one on top 
of the other, each 1.5" deep by 3" wide. How many wrought-iron bolts are neces^ 
sary to safely resist the horizontal shear in AB7 How many in BC7 



P. 1002. A wooden beam, 18' long, 8" deep, and 6" wide, supported at the ends, is 
made up of two pieces 4" thick and 6" wide, placed one on the other and held together 
by wooden pins one inch in diameter. A weight of 500 pounds rests on the beam at 
its middle point. How many wooden pins must be used to insure a factor of safety 
of 6? Neglect weight of beam. 
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P. 1003. A wooden beam, 18' long, is made of two pieces 12" by 12", placed one 
upon the other, and rests upon end supports. The beam carries a uniformly distributed 
load of 200 pounds per lineal foot. If the two pieces are bolted together what is the 
total shear on the bolts? Neglect weight of beam. 

P. 1004. A beam 10' long and 6" by 6" in cross-section, resting on end supports, 
is made up of three 2" by 6" wooden planks superimposed. Three bolts, one at each 
end and one in the middle of the beam, hold the planks together. Neglect weight of 
beam. 

(a) If the beam is subjected to a uniformly distributed load of 200 pounds per lineal 
foot what is the shearing stress on each bolt? 

(&) If the bolt at one end should fail, what would be the shear on each of the other 
two bolts? 


P. 1005. A wooden beam is composed of two pieces, placed one on the other and is 
16' long, 12" deep, and 8" wide, and rests on end supports. The top piece is 8" wide 
and 8" deep; the bottom piece, 8" wide and 4" deep. The two pieces act as a solid 
beam because of seven pieces of wood 2" by 2" by 8" with grain horizontal being notched 
into both pieces at intervals of 2'. Find the safe load upon the middle of the beam. 
Factor of safety equals 6. 

P. 1006, The mast and boom of a boom derrick are of the same length, each being 
20' long. The boom may have any position between the vertical and the horizontal. 
Find graphically the maximum stress to which the mast may be subjected. 

P. 1007. The boom and the mast of a boom derrick are each 30' long. The main 
fall is made fast at the outer end of the boom, and the topping lift at the outer end of 
the boom and at the top of the mast. The guy is horizontal. The boom may have any 
position between the vertical and the horizontal. 

(a) Find analytically what stress the boom must be designed to carry. 

(b) Find analytically what stress the mast must be designed to carry. 


P. 1008. The mast and the boom of a boom derrick are of equal length. The guy 
makes an angle of 45° with the horizontal. The main fall is made fast at the outer end 
of the boom. The topping lift is made fast at the outer end of the boom and at the 
top of the mast. The load is 100 pounds. With the boom in a position making an angle 
of 60° with the mast, find analytically: 


(а) the stress in the guy. 

(б) the stress in the mast. 

P, 1009. A boom derrick is made up as follows: — The mast is 30' long; the boom 
is 32' long and is attached to the mast 6' from the ground; the guy makes an angle of 
30° with the horizontal; the main fall runs along the boom to its junction with the 
mast, thence down the mast to the bottom of which it is fastened; the topping lift is 
fastened at the outer end of the boom and at the bottom of the mast. The boom may 
have any position from the horizontal to 10° from the vertical. Weight, 12 tons. 


(a) Find graphically the maximum stress in the boom. 


(&) 

W 

(d) 

(e) 

(f) 
Cff) 


topping lift. 

“ “ guy. . 

longitudinal stress in the mast, 
shear in the mast. 

bending moment in the mast in (foot-poimds). 
reaction at the foot of the mast when the boom is hori- 
zontal. 
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P. 1010. A boom derrick has a boom 30' long attached to the mast at its base A. 
The mast is 40' high. The main fall passes over a pulley at the other end, JB, of the 
boom, down the boom and is attached to a cleat on the mast at A. The topping lift 
passes over a pulley at C (the top of the mast) and is attached to a cleat on the mast at 
A. The boom may have a position making any angle with the mast from 10® to 90®. 
The guy makes an angle of 45° with the mast. 

(а) Find analytically the maximum compressive stress for which the boom should 
be designed in order to carry a load of 20 tons at B. 

(б) Find analsrtically the maximum stress in the topping lift. 

(c) Find analytically the stress for which the guy should be designed. 

{d) Find analytically the stress for which the mast should be designed. 

{e) Find graphically the value and direction of the reaction at the base A with 
the boom in the horizontal position. 

P. 1011. A boom derrick has a mast 16' high and a boom 16' long, the boom being 
hinged to the mast 4' from the bottom. The topping lift is attached to the outer end 
of the boom and the top of the mast. The main fall passes over the end of the boom, 
along the boom, over a pulley attached to the hinge between the mast and the boom 
and thence horizontally to the engine. The weight supported by the main fall is 12 
tons. The boom may have any position from the horizontal to 10® with the vertical. 
The guy is horizontal. Find analytically: — 

(a) The maximum stress in the boom. 

(&) “ “ “ “ topping lift. 

(c) The maximum shear in the mast. 

(d) ** stress in the guy. 

(e) “ “ compression in the mast. 

(/) “ “ bending moment in the mast in (foot tons). 

P. 1012. (Fig. P. 1012.) The boom may have a position making any angle from 

10® to 90® with the mast. 





(a) For what stress must the boom be designed? 

(&) With the boom in the horizontal position find the reaction at the bottom of the 
mast. 



CHAPTER XI. 


IVLASONRY. 

1101. Masonry is the art of erecting structures in natural and artificial 
stone. The term is also applied to the structures thus built. It is 
ordinarily classified as Stone Masonry, Brick Masonry, and Concrete 
Masonry. 

1102. Masonry stroctures are divided into classes according to the 
kind of stresses they are to sustain. Their forms and dimensions are 
determined by the amounts and kinds of these stresses. They may be 
classed as follows: 

a. Those which sustain only their own weight; as walls of inclosures. 

i. Those which, besides their own weight, are required to support a 
vertical pressure arising from a weight placed upon them; as the walls 
of a building, piers of arches. 

c. Those which, besides their own weight, are required to resist a 
lateral thrust; as a wall supporting an embankment, reservoir walls, etc. 

d. Those which, sustaining a vertical pressure, are subjected to a 
transverse strain; as lintels, areas, etc. 

e. Those which are required to transmit the pressure they directly 
receive to lateral points of support; as arches. 

Walls, columns, and arches comprise most of the masonry structures 
in modem engineering: lintels and areas do not require much discussion. 

1103. Constmction Rules. — The following general rules should be 
followed in masonry work: 

а. Build the masonry in a series of courses, which shall be perpendicu- 
lar, or as nearly so as practicable, to the direction of the force it is to 
sustain. 

б. Avoid the use of continuous joints parallel to the directien of the 
force. 

c. Use the largest stones in the lower courses. 

id. Lay the stratified stones so that the force shall be perpendicular to 
the planes of stratification. 

e.- Moisten all dry and porous stones before bedding them in mortar, 
and thoroughly cleanse from dust, etc., their lower surfaces and the bed 
of the course on which the stones are to be laid. 

/. Reduce the space between the stones as much as possible, and 
completely fill the joints with mortar. 
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PRESSURES. 

1104. The surface on which a structure rests is required to support 
the weight of the structure, and also any additional load or thrust im- 
posed on the structme. The resultant of the weight of the structure and 
these other forces pierces the surface on which the structure rests at a 
point called the center of pressure. 

1105. The pressure on. each point of the surface is determined by 
the position of the center of pressure. In some structures, the center 
of pressmre must be at such a point that all pressures on the surface are 
compressive. In other structures, this is not necessary. The surface 
is said to be centrally loaded when the resultant is perpendicular to the 
surface and pierces it at its central point. When this is not the case, it 
is said to be eccentrically loaded. 

1106. Distribution of Pressures. — ^The theoretical distribution of 
pressure over the surface depends upon the following h37potheses: 

0 . The surface of cross-section does not change form under the action 
of the force. 

6. All fibers offer equal resistances to tensile and compressive forces. 

c. The unit stress developed in a fiber is proportional to its strain. 

1107. Represent by Fig. 1107A a surface under pressure with center 
of pressure on an axis of symmetry. 


Y 



H 


Fig. 1107 A 

Let O = center of gravity of ABCD; 

EX and HY = axes of S3mimetry; 

F = component of the resultant force which is paralM to 
the axis of the column and perpendicular to the 
surface; 

O' — center of pressure or point of application of F in the 
cross-section of ABCD; 
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s = \mit longitudinal stress, due to F, at any point in the 
cross-section ABCD; 

Xp and yp = co-ordinates of point O', the center of pressure; 

(then yp — 0 for point on the axis of symmetry) ; 

X and y = co-or^nates of any point of area ABCD’, 

(then y = Oior point on the axis of symmetry) ; 

r' = radius of gjTation of area ABCD about HY; 

_ it a ic ce a 

t = width of the surface along the axis of sjnnmetry EX. 

Without changing the pressure, we may introduce at the center of 
gravity, O, two opposite forces, F' and F", each equal to the force F 
(Fig. 1107B). This gives us a force F' at the center of gravity, and a 
couple FF" with a lever arm xp. The total stress equals the stress due 
to the compressive force F', plus that due to the couple, FF". 

The compressive stress due to F' is equally distributed over the whole 
area. Representing this imit stress by s', we have the same equation 
as in compression (222A.) 

s' = ^ 5 (1107A) 


for unit stress at any point on the area. 

The couple FF" has a tendency to rotate the area ABCD about some 
line in its plane. Due to the couple above, this may be any line parallel 
to HY, since we know from Mechanics that the moment of a couple is 
the same for all such lines. But from hypothesis 1106c above, the couple 
will tend to rotate the area ABCD around the line HY because it thus 
encounters less resistance. Also, from the same hypothesis, the unit 
stress at any point varies with its distance from the axis. Therefore, 
representing this unit stress by s", we have the same equation as in 
bending (260A) 


_ Mfy 
' ~ 1 ~ Ar-^ 


(1107B) 


in which y is the distance from the axis to the fiber stressed. 
The total stress is therefore given by the equation 


S-S-hS - j 


(1107C) 


which is the general equation for unit pressure on a foundation. 

To find the unit pressure at any point on the axis of symmetry (x, o) 
when the center of pressure is also on the axis of symmetry (taken at 
Xp, o), we substitute Fxp for M/, x for y, and r'^ for r\ and obtain 


= s'-t- 


® "A'^AVr'V 


(1107D) 
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or. 




V 

For 'a rectangular surface, • Substituting, we obtain 

V I2J 


(1107E) 


(1107F) 


1108. By assigning different values to xp and to x, we can find the 
unit stress at any point along the X axis for any position of the center 
of pressure (co-ordinate Xp) along that axis. The resulting pressures 



at all points for different positions of the center of pressure are shown 
in Pigs. 1108A to E. 

a. Xp = 0. The equation reduces to the form 

s = ^ (1108A) 

This is its form for all values of x, positive and negative: that is, the 
stress over the area ABCD is uniform (Fig. 1108A). Hence, a central 
load always jyroduees uniform stress in every cross-section. 

F 

h. X = 0 . The equation reduces to the form s = ^ (1108B) 

This is the form for all values of xp, positive or negative. Hence, the 
unit stress at the center of gravity will he the same for all positions of the 
center of pressure. 

c. Xp varying from 0 to | . Figs. B, C, D, and E show the corresponding 
values of stress for different points. To find the extreme value of Xp which 
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will give a compressive stress over the entire area, that is, give a stress 
of zero in a rectangular surface at the point where x = — g, we substitute 
this value in equation 1107F and have 

f 




1 + 




12 


(1108C) 


Solving, 



(1108D) 


Hence, the stress over the entire surface is compressive (Fig. 1108C) if 

the center of pressure is on the axis of symmetry, and not more than ^from 

the center of gravity in the case of a rectangular surface. This principle 
is used in the design of dams. In the general case, it is assumed that 
the joints take no tension; therefore, if the center of pressure is out- 
side of the middle third (Jig. 1108D), a crack will form from E to W 
and water will penetrate and tend by upward water prepare to overturn 
the dam. If, however, the joints will take tension, as in reinforced 
concrete columns and in dams where reinforcing rods are used, the stress 
will be as shown in Fig. 1108E. 

d. xp = ^, X = ±1 . When the pressure is at the edge of the middle 
third of a rectangular surface, we have from equation 1107F 


/ 



V 





12 ) 


For X — — g , we have s = 0. 

% F 2 F 

For X = +g, we have s = ^ (1 + 1) = 


(1108E) 


(1108F) 


Hence, when the center of pressure is at the edge of the middle third of a 
rectangular surface, the unit stress is zero at one extremity of ffee axis of 
symmetry and twice die mean stress at its other end. 

e. Maximum Stress. — ^The stress will be a maximum when the expres- 
sion is a maximum. This will be the case when xp and x have 
their maximum values. 
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In a rectangular surface, this will be when their values are ^ . Sub- 


stituting in equation 1107F, we have 


( 


s = 


1 + 


2^2 

12 ) 


-5 


2 * 


(1108G) 


Hence, i!n& maximum stress in a rectangular surface is of the same char- 
acter as and four times the value of the mean stress, and occurs at the ex- 
tremity of the axis of symmetry when the center of pressure is at the same 
point. 

Miiiimiim Stress. — ^The stress will be a minimum when the expres- 


sion is a minimum. This will be the case when xp and x have 
their maximum values but are of opposite signs. In a rectangular sur- 
face, this will be when ^ and a: = — | . Substituting in equation 
1107F, we have 


8 


F 

A 


{ 


1 + 






V 


12 



(1108H) 


Hence, the^ minimum stress in a rectangular surface is of opposite character 
and twice the mean stress, and occurs at the extremity of the axis of symmetry 
when the center of pressure is at the other extremity. 


1109. Problem. — ^The cross^ection of a masonry dam is a trapezoid with hori- 
zontal top and bottom and vertical back. It is 50' high, 12' wide on top, and 30' wide 
on the bottom. The masonry weighs 150 pounds per cubic foot. Find the maximum 
pressure per square foot on the base when there is no water behind the dam. 

Solution. — Consider the cross-section of the dam to be subdivided into a rectangle 
and a triangle. Then for a linear foot of the dam, the weights of the component 
parts are: 

Rectangle = 50 X 12 X 1 X 150 = 90,000 pounds. 

Triangle = 60 X ^ - X 1 X 150 = 67,500 pounds. 

Take moments about the heel of the dam to find the position of the resultant: 

RXt== +67,500 X 18 + 90,000 X 6 
, _ 1,215,000 + 540,000 _ 78 
® 157,500 7 

78 

Then arr = 16 — -y = 3.86', which is within the middle third. 

A j P . rpxX 157,500 /, , 3.86 X 15 X 12\ 

And 8=3(1+ + ) = 30 + — 30 ^ 30 ) = 9300pounds (Pressureat 

heel in pounds jyer square foot) 
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1110. If the center of pressure is not on an axi s of ssnmnetry of the 
surface, the resultant pressure may be resolved into two components 
whose centers of pressure are on these axes and also on a straight line 
passing through the center of pressure. The pressure is then found due 
to these components on the axes of symmetry, and the combined pressiffes 
give the pressure due to both. The discussion is omitted in this text. 

WALLS. 

1111. In a masonry wall the front side is called the face; the inside 
or opposite side, the back; the stones which form the front are called 
the facing, and those of the back, the backing; the portion between these 
forming the interior of the wall, the filling. 

If a uniform slope is given to the face or back, this slope is termed the 
batter. 

The section made by a vertical plane passed perpendicular to the face 
of the wall is called the profile. 

Each horizontal layer of stone in the wall is called a course; the upper 
surface of the stone in each course, the bed; and the surfaces of contact 
of two adjacent stones, the joints. 

When the stones of each layer are of equal thickness throughout, the 
term regular coursing is applied; if unequal, random coursing. The 
particular arrangement of the different stones of each course, or of 
contiguous courses, is called the bond. 

Stone Walls. 

1112. Rubble. — The stones used are of different sizes and shapes, 
prepared by knocking off all sharp, weak angles of the blocks with a 



Fig. Ills A 
Bubble Wall 


hanun^. They are laid in the wall either dry or in mortar. If placed 
without reference to regular and continuous lines, the masonry is known 
as uncoursed rubble, or common rubble masonry. 

In building a rubble wall (Fig. 1112A.) the stones should be so placed 
that they will fit one upon the other, filling the interstices between the 
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larger stones by smaller ones; and the vertical joints should not be 
continuous. 

The mean thickness of a rubble wall should be not less than one-sixth 
of its height; in the case of a dry stone wall, the thickness should never 
be less than two feet. It strengthens the wall very much to use frequently 
in every course, stones which pass entirely through the wall from the 
face to the back. These are called throughs. 

1113. Ashlar. — The stones in this kind of masonry are prepared by 
having their beds and joints accurately squared and dressed. The 



sizes used in a wall depend upon the kind of wall to be built and the 
quarry sizes available. Ordinarily they are about one foot high, two 
or three feet long, and have a width from once to twice the height 



Fig. Ills B Section of wall with facing of ashlar and a 
backing of rubble 

(Pig. 1113A). They are used generally for the facing of a wall to give 
the front a regular and uniform appearance, and to produce a desired 
architectural effect. 
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Walls built with ashlar facing are backed with brick or rubble (Fig. 
1113B). The question of economy will decide which is to be used. 
In the construction, throughs of ashlar should be used to bind the backing 
to the facing. 

1114. Cut-Stone. — ^Where great strength is required in the wall, 
each stone is prepared by cutting it into a particular shape, so that it 
can be exactly fitted in the wall. In other words every stone is ashlar. 

Cut-stone masonry, when carefully constructed, is more solid and 
stronger than any other class. The labor required in preparing the 
blocks makes it the most expensive. 

Brick Walls. 

1115. The least proper thickness of a brick wall is 8 inches, which 
is the thickness of walls of a low brick dwelling. When brick walls must 
be especially strong, it is best to build throughs into them at intervals 
of two and one half to three feet. 

Concrete Walls. 

1116. Concrete walls are usually monolithic (of one piece). How- 
ever, long walls are often made in sections, with tongues and grooves at 
the joints. In building breakwaters, dikes, etc., the concrete is often 
made into large blocks which are fitted in place if the water is excluded, 
or thrown in at random if the water is not excluded. 

Bonds. 

1117. English Bond. — This consists in forming each course entirely 
of headers or of stretchers, as shown in Fig. 1117A. 



ng. iiirJ. 
English Bond 


Sometimes the courses of headers and stretchers occur alternately; 
sometinies only one of headers for three or four courses of stretchers. 
The effect of the stretchers is to tie the waU together lengthwise, and 
the headers crosswise. The proportionate number of courses of headers 
to those of stretchers depends upon the relative importance of the 
transverse and longitudinal strength of the wall. 
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1118. Flemish Bond. — ^This consists in laying headers and stretchers 
alternately in each course (Fig. 1118A). 



Flemish Bond 

A wall with this bond presents a neater appearance than one built 
in English bond, and is, therefore, generally preferred for the fronts of 
buildings. It is not considered as strong as the English, as it has a less 
number of headers. 

1119. Special bonds are often necessary, as in lighthouses where the 
tendency of the stones is to “ jump out ” immediately after receiving 
the blow of the wave. Fig. 1119A shows a lighthouse so constructed 
that the stones are dovetailed into each other and also fastened together 
with metal. Concrete is now generally used in such cases. 

ARCHES. 

1120. A stone masonry arch is a combination of wedge-shaped blocks, 
called Toussoirs, or arch stones, supporting each other by their mutual 
pressure, the combination being supported at the two ends (Fig. 1120A). 

The supports against which the extreme voussoirs rest are almost 
invariably built of masonry, though in some cases the supports are of 
natural rocks. If a support holds up two successive arches it is called 
a pier; if it holds up an embankment, generally of earth, on one side, 
and an arch on the other, it is called an abutment. The inner (lower) 
surface of the arch is called the soffit; its outer (upper) surface, the back. 
The end surface of the arch is called the face, and sometimes the head of 
the arch. The surface of the top course of stones on the pier or abutment 
is called the skewback; it is generally sloping. The stones forming the 
skewback are called the cushion-stones. The highest course of an arch 
is composed of keystones. 

The line in which the soffit of the arch intersects the pier or the abutment 
is called the springing-line. The chord, AB (Fig. 1120A), is termed the 
span, and the height, HC, of the keystone above this line is termed the 
rise. The length of the arch is that of the ^ringing-line. The highest 
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Section 



Plan 

Fi^, 1119 A 

Plan and Section of Liffhthouse 
showing how stones are doweled and dove tailed 
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line of the soffit, that projected at C, is called the crown. The line in the 
plane of the springing-lines projected at H, symmetrically disposed with 
respect to the plan of the soffit on the plane, is the axis of the arch. 

The tntrados is the line of intersection of the soffit with a plane per- 
pendicular to the axis; the extrados is the line pf intersection of the back 



with the same plane. The courses of stones parallel to the head of the 
arch are called ring-courses; those which run lengthwise of the arch are 
termed string-courses. The joints between the different ring-courses 
are called heading-joints; those between the different string-courses are 
termed coursing-joints or bed-joints. 

A wall standing on an arch and parallel to the head is called a spandrel- 
waU. The filling between two spandrel-walls is called spandrel-filling. 

1121. Classification. — ^Arches are classified according to the direction 
of the axis and the form of the intrados. A right arch is one whose axis 



Fig. 1121 A Fla.ll2tB 

Segmental ElUptieal 



Fia^llSlC FW,U 31 D 

B^net Bandied Oval Tudor 

Arches 


is perpendicular to the face. The arch is called oblique when the axis is 
oblique to the face; and rampant when the axis is oblique to the horizon- 
tal plane. 
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The intrados of a full-center arch is a semi-circle. Segmental, elliptical, 
oval, tudor arches have for intrados respectively a segment of a circle, a 
semi-ellipse, an oval with three or more centers, a pointed arch made up 
of two intersecting curves. (See Figs. 1121A to D.) 

1122. The soffits of groined and cloistered arches are formed by the 
intersection of two cylindrical soffits having the same rise and intersect- 
ing axes. The groined arch (Fig. 1122A) is made by removing from each 
cylindrical arch those portions of itself which lie within the corre^onding 
parts of the other arch; in this way the two soffits are so connected that 



Fig. llli A Groined Arah 



the two arches open freely into each other. The cloistered arch (Fig. 
1122B) is made by retaining in each cylindrical arch only those portions 
of itself which lie within the corresponding portions of the other arch; 
thus, a portion of the soffit of each arch is inclosed within the other, these 
portions forming a four-sided vaulted ceiling. This arch was much 
used in forming the ceilings of the cells of monasteries; from their object 
and use is derived the term cloistered. 

A dome is an arch whose soffit is the surface of a hemisphere, the half 
of a spheroid, or other similar surface. 

Arches, whose soffits are warped surfaces, are frequently used. The 
particular kind of warped surface will depend upon circumstances. 


Pressure. 

1123. An arch may fail by rotation, by sliding, or by crushing of the 
material. A failure by crushing may take place if the resultant of the 
forces acts on or near the outer or inner edge of a joint; but construction 
to avoid failure by rotation or sliding also provides against failure by 
crushing of materials of which arches are ordinarily constructed. There- 
fore, failure by crushing is not usually considered, and the design of an 
arch is based on its possible failure by rotation or by sliding. 

1124. As shown in paragraph 1108, if the resultant is not within the 
middle third, a portion of the stress will be tensile or a part of the surface 
will have no pressure at all. A general rule is therefore adopted that 
the resultant must come within the middle third of the surface pressed. 
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In considering possible failure by sliding, the angle of friction of 
ma^nry on masoniy is taken at 37°. As shown by Fig. 1124A, the 
action line of resultant pressure must make an angle of 37° or less 
with the normal to the surface. 


R 



1125. Figs. 1125A to D show ordinary modes of rupture of arches. 
In Fig. 1125A, the resultant acts outside the middle third, causes outward 
rotation at CD and CD' with consequent failure also at EF, E’F’, and 



AB. In Figs. 1125B and C, the rupture is due to sliding, the resultant 
making an angle greater than 37° with the normal to the surface. In 
Fig. 1125D, the arch has a rise much more than half the span, and the 
resultant acts outside of the middle third of one of the joints near the 
crown, causing rupture, as at EF. 

1126. Theory of the Arch. — Considering one half of an arch as a “ free 
body ” (Fig. 1126A), made of materials of infinite strength and without 
elasticity, there are three forces acting to keep it in equilibrimn: (1) 

the weight of this half of the arch, ^ J (2) the thrust at the crown due 
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to the right half of the arch, F; (3) the reaction at the skewback, R. 
The intensity and action line of ^ can be determined fairly closely from 
the dimensions of the arch and the specific gravity of the materials. Of 



F and R, it is known that they should act within the middle third of their 
corresponding surfaces and must not make an angle greater than 37® 
with the normal to the surfaces. 



If we could construct an arch hinged as shown in Fig. 1126B, it would 
be possible to determine exactly the forces F and R. In the figure, the 
W 

reactions due to -g- would be equal and opposite to Ri and Ra: those due 
W' 

to -g- would be equal and opposite to Ri and R^'. Then* resultant 

reactions at each support are found by force polygons and drawn as 
shown, R and R'. 

1127. If the arch is perfectly ssmmetrieal and its corresponding 
elements are exactly eqiial in weight, the thrust, F, at the crown will be 
horizontal. As arches are thus symmetrically designed, the thrust at 
the crown may be taken as horizontal. 
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Remembering that the thrust at the crown and the reaction at the 
skewback must, for safety, lie within the middle third, and assuming for 
first computation that the thrust and reaction act at the center of their 
respective joints, we have the direction and point of application of the 
thrust at the crown, the point of application of the reaction, and full 
knowledge of the vertical force. 

Taking moments around the point of application of the reaction, we 
have (Pig. 1126A); 

^Xl = Fxl’ (1127A) 

Hence 

P = Y X p (1127B) 

We are thus able to obtain full knowledge of the thrust at the crown and 
the reaction of any particular arch, under the above assumptions. We 
could also assume other locations for the points of application of the 
thrust and reaction and determine their intensities and directions. 

1128. Design. — ^The assumption that the points of application of 
the thrust and reaction are at certain points, preferably within the 
middle third, is not necessarily correct. Fig. 1128A shows that, for an 



arch with shape as shown, and F and R calculated as in paragraph 1127, 
the reaction is not at the center or even within the middle third if we 
start with F at the center of the crown and obtain resultants and direc- 
tions, p p' p", with the weight of each voussoir. It is thus seen that 
equation 1127A is based on incorrect assumptions and should include a 
value of R times its lever arm with respect to the middle point of the 
skewback as the c^ter of moments. 
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Fig. 1128A shows where the resultant at each joint pierces the joint, 
for that arch with weights as calculated. It is seen that three of these 
resultants pierce the joint outside the middle third; therefore, this arch 
is not satisfactory. 

The design of an arch thus becomes a series of approximations. The 
shape of the arch or the weights of its elements, must be changed, and 
the pressure curve again drawn. Fig. 1128B shows a suitable arch for 



the same span as that shown in Fig. 1128A. In Fig. 1128B, the action 
lines at every joint are within the middle third, and at no joint make 
an angle greater than 37° with the normal to the joint. 

Construction. 

1129. Centers. — Since in a completed arch, each semi-arch is supported 
by the pressure of the other half transmitted through the keystone, it 



lltS jI Oester for Arobes 


is necessary to support the arch during the construction until the key- 
stone is inserted, or in concrete arches until the concrete has properly 
set. The frame employed for this purpose is called a center (Fig. 1129A) . 
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It is composed of a cylindrical shell of boards upon which the masonry 
rests, and a series of wooden arched or trussed ribs which support the 
shell. The whole is called a form. For small arches such as window- 
caps, culverts, and sewers, the truss may be omitted; for very long 
spans, the shell is supported by a very strong truss. All centers must 
be so constructed with folding wedges or similar devices that they may 
be removed without shock to the completed arch. 



Fig. 1130 A 



ij 


Fig. 1130 B 


1130. Intrados. — ^The circular arch is the one most commonly con- 
structed; next, are the oval arches with an odd number of centers. 

Fig. 1130A shows the basket-handled arch, which is a three center oval 
and is considered the most graceful form of oval. It is employed in the 
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construction of ornamental arched bridges. To draw it, inscribe in a 
semi-circle three sides of a hexagon (Fig. 1130A). Assume ithe rise BT. 
Draw IS and parallel to it TU. Draw SB and parallel to it UW. 
Then V, W, and V are the centers of the oval. 

Fig. 1130B shows the method of drawing an oval of any odd number 
of centers. On the span AR describe the semi-circle AIR, and divide 
it into a numbo" of parts corresponding to the desired number of centers. 
Draw radii to the points of division. Lay off BC equal to the desired 
rise. Assume the first center J, so that AJ is less than BC. Draw DJ 
parallel to EB. Assume center K, and draw OK parallel to FB. 
Assume center L, and draw PL parallel to GB. From P draw PQ 
parallel to the chord GH, and from C draw CQ parallel to the chord HI. 
From their intersection draw QM parallel to HB. Then will J, K, L, M, 
andiV be the centers of the circular arcs forming the oval ardi ADPQC. 

1131. Bond. — The arch is constructed in the same way as a masonry 
wall. The joints parallel to the axis are continuous; but the voussoirs 
break joints, as in walls, so as to have no continuous joints paraUel to 
the face. If the arch is backed with rubble masonry, some of the stones 
are made long enough to be throughs, that is, to bond together the soffit 
and the backing. 

1132. Voussoirs. — In important work with large stones, the shape 
and dimensions of the voussoirs are determined by geometrical drawings 
and numerical calculations. Brick used are of regular size and shape, 
it being no longer good practice to make special wedge-shaped brick. 
Concrete is laid in one monolith; or if this is not practicable, in adjacent 
monoliths held together by a tongue and groove. Steel reinforcement 
is very often used in modem arches. 


ALLOWABLE STRESSES IN MASONRY. 

1133. The table below shows the allowable stresses in the different 
classes of masomTr: 


Kind of Masonry 

Allowable Pressure 

Portland Cement Concrete 

260 pounds per square incli 

150 “ “ “ “ 

250 “ “ “ “ 

400 “ “ “ “ 

600 “ “ “ 

150 “ “ “ “ 

Rubble Masonry with Cement Mortar. . . . 
Sandstone 

Limestone 

Granite 

Brick with Cement Mortar 
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By means of this table, it is easy to determine the size of wall plate to 
transmit a given load, and also the probability of a failure of the structure 
by the crushing of its material due to excessive imit stress. 

PRESERVATION. 

1134. Masonry is frequently injured by the mortar being washed out 
of the joints, by unequal settling, and by the expansion and contraction 
of the material due to changes of temperature. 

Pointing. — ^The washing out of the mortar from the joints may 
be prevented by means of pointing. This consists in cutting out the 
mortar at the edge of a joint to a depth of about an inch, brushing the 
opening clean, moistening it, and filling it with rich Portland cement 
mortar. 

Unequal Settling. — certain amount of settling always takes place 
in masonry, due to the shrinkage of the mortar and other causes, and 
the engineer must take every precaution to insure that this settling 
is equal throughout. This is especially difficult when parts sustain 
unequal loads, and are required to be firmly joined togetW. In such 
cases, unequal settling is shown by cracks and ruptures in the masonry. 

To' avoid this unequal settling, it is advisable to use the same thick- 
ness of mortar throughout, to pay particular attention to the bond and 
correct fitting of the courses, and to carry up all parts of the wall simul- 
taneously: also, to allow lower courses to become well set before adding 
upper courses. A test load is often used to determine conditions of 
settling. 

Effects of Frost. — ^Frost is one of the most powerful destructive 
agents against which the engineer has to guard in masonry construction. 
During severe winters in the northern parts of our country, it has been 
observed that the frost will penetrate the earth in contact with walls to 
a depth of ten feet; it therefore becomes a matter of the first importance 
to use every practicable means to drain all the groimd in contact with 
masonry to whatever depth the foundations may be sunk below the sur- 
face. If this precaution be not taken, accidents of the most serious 
nature may happen to the formdations by the action of the frost. If 
water is apt to collect in any quantity in the earth aroimd the founda- 
tions, it may be necessary to make small covered drains under them to 
convey it away, and to place a stratum of loose stone between the sides 
of the foundations and the surrotmding earth to give the water a free 
downward passage. 

For more detailed information see: 

Masonry Structures, Spalding. 

Design of Masonry Structures and Foundations, Williams. 

Treatise on Arches, Howe. 
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PROBLEMS. 

P. 1101. (Fig. P. 1101) represents a cantilever bracket, whose base C'A'B' is firmly 
anchored. Find the stresses at A and B. 



P. 1102. The rectangular base of a shaft is 6' by 12', and the center of pressure is 
one foot from the center of figure, measured parallel to the longer side. The total 
pressure is 3000 pounds. Find the pressure at the comers. 

P. 1103. The base of a wall is 8' wide, the pressure at one edge is 30 pounds per 
square inch, and at the other edge is 8 pounds per square inch. What is the mean 
pressure, and where is the center of pressure? 

P. 1104. The cross-section of a masonry dam is a trapezoid with horizontal top and 
bottom and vertical back. It is 60' high, 12' wide on top, and 39' wide on the bottom. 
The masonry weighs 150 pounds per cubic foot. Find the maximum pressure per square 
foot on the base when there is no water behind the dam. 

P. 1105. A rectangular wall of masonry is 20' high, 40' long, and 8' thick; on one end 
of wall is built a solid masonry tower, 8' square and 39' high above the top of the 
wall. The weight of the masonry is 150 pounds per cubic foot. What is the maximum 
pressure per square foot on the base of the stmcture? 

P. 1106. A masonry column 80' high, of square cross-section 10' by 10', is subjected 
to a horizontal wind pressure normal to one side, of 40 poimds per square foot of surface. 
Find the greatest unit pressure on the base. The masonry weighs 150 pounds per 
cubic foot. 

P. 1107. (Fig. P. 1107.) ABCD is the vertical end face of a stone block, one foot 
thick, whose top and bottom faces are horizontal rectangular. Find the unit pres- 
sures at A and P, with weight of masonry 135 pounds per cubic foot. 
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P. 1108. A stone block, 10' wide by 2' high in vertical section, and weighing 1351 
pounds per cubic foot, overhangs by 3' a masonry structure upon which the remaining 
7' are supported. Construct the line whose ordinate will give the pressure in pounds, 
per square inch at any point, locate the center of pressure, and find the unit pressure 
at the edge of the structure under the block. 

P. 1109. In problem 1108, if the masonry structure is only 5' wide, so that the stone 
block overhangs by 3' on one side, and by 2' on the other side, construct the line whose 
ordinate will give the pressure in pounds per square inch at any point, and find the 
mean and maximum pressures. 

P. 1110. A full center arch, of 30' span, and 2' thickness of ring, has a weight of 
600 tons uniformly distributed horizontally over the arch ring. Find analytically 
the maidmum and minimum thrusts at the crown due to this weight, assuming that 
the points of rupture are at the skewbacks and at the crown. 

P. 1111. A segmental arch of 120° and 15' radius has an arch ring 2' in thickness and 
supports a weight of 400 tons uniformly distributed horizontally over the arch ring. 
The points of rupture are at the crown and springing lines, (o) Find graphically the 
maximum and minimum crown thrusts, assuming that the center of pressure must be 
within the middle third of the joints. 

(6) Check by analytical solution. 

P. 1112. A full center arch has a span of 30' and an arch ring 3' thick. Concen- 
trated loads of 5 tons, 6 tons, 6 tons, 6 tons, 7 tons, 8 tons, 8 tons, and 9 tons act ver- 
tically through points 2', 4', 6', 8', 10', 12', 14' and 16' respectively measured in a hori- 
zontal direction from the center. Assuming that the crown thrust is applied at the 
upper extremity of the middle third of the crown joint and equals 25 tons, find the 
center of pressure on the joint 46° from the crown. 

P. 1113, In the preceding problem (1112), construct the curve of pressure. 

P. 1114. (Fig, P. 1114.) The figure represents half of a segmental arch, with the 
joints between voussoirs as indicated. The spandrel load, including the weight of the 



voussoirs, is assumed to be 1 ton per foot uniformly distributed horizontally. Assume 
that the crown thrust is 12 tons and that its point of application is at the upper ex- 
tremity of the middle third of the crown joint, 

(а) Determine graphically the center of pressure at each joint of the arch. 

(б) Determine graphically whether or not the arch is safe against sliding along the 
voussoir joints. 
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P. 1115. An arched rib of 24' span has its intrados one half of a r^ar octagon and 
the arch is composed of four voussoirs, made of timber 3' by 3' in cross^ction. The 
joints between the voussoirs are radial. The voussoirs are prevented from sliding at 
the joints by short dowel pins. A load of 2000 pounds per lineal foot is distributed so 
as to be uniform horizontally over the span. Under the theory of minimum crown 
thrust does the center of pressure intersect each voussoir joint within the middle third? 

P. 1116. A full center ardi of 15' radius is made up of 6 voussoirs, each subtending 
an angle of 30°. The arch ring is 3' thick and the voussoir joints are radial in direction. 
The top of the spandrel filling is horizontal and 6' above the extrados of the arch at the 
crown. The weight of masonry on the arch ring is 144 pounds per cubic foot. The 
specific gravity of the spandrel filling is f that of the arch ring. Determine the load on 
each voussoir, including its own weight, and determine a point of application of this 
load. 



CHAPTER XII. 


COLUMNS. 

1201. A column is a strut whose length is such that it will perceptibly 
bend or buckle under a compressive force before it actually breaks. 

This buckling under a compressive force depends upon the material: 
certain materials will buckle when the length is 5 times the least dimen- 
sion of cross-section, while others will not bend imtil the length is some 
15 or 20 times the least dimension of cross-section. 

1202. If the ends of a column are fixed, the curve of the axial fiber 
will be tangent to the original axis at the ends, and will have two points 
of inflection, one half-way between each end and the middle point 



(Fig. 1202A). If one end of the column is square, and the other round 
or held by a pin, the cuive of the axial fiber will be tangent to the original 
axis at the square end and there will be but one point of inflection, which 
will be about one-third of the height of the column from the square end 
(Fig. 1202B). If the column has two round or pin-connected ends, the 
curve of the axial fiber has no points of inflection (Fig. 1202C). 

1203. From ecperiment and by deduction, it is found that a column 
with square ends will sustain greater stress before rupture than wiU a 
column with round (pin-connected) ends or one with one square end and 
one roxmd end. However, in engineering practice, it is now customary 
to use formulas for columns with square ends. A large percentage of 
all columns are now fixed at the ends and riveted, and even in pin-con- 
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nected coliimns the ends are often so rusted as to become fixed in posi- 
tion; therefore, as the formulas for fixed ends have a large factor of 
safety, they are used in the general case where it is evident that they will 
be satisfactory. 


COLUMN FORMULAS. 


1204. No column formulas are exact. All are based on deduction 
and on experiment. In the deductions, it is assumed that the stress on 
the surface fiber consists of two stresses: (1) the unit stress due to com- 
pression and ■ (2) the unit stress on the sirface fiber which causes its 
buckling or bending. Expressed by an equation, we have the same 
equation as 335A, namely: 




F Mfy 
J 


(1204A) 


in which = maximum stress (in surface fiber) due to both compression 
and bending. 

1205. Rankine’s Formula. — ^This formula is of the following general 
form: 


Allowable load per square inch on column 



(1205A) 


in which = allowable unit compressive stress of the material in the 
column. 

I = length of the column in inches. 

r = least radius of gyration of cross-section of the column. 

C = a coefficient, determined by experiment. 


This formula may be obtained from equation 1204A as follows: 



M/y 

I 


(1204A) 


Substituting for M/ its value Fy^ at the dangerous section, in which 
y„ = maximum deflection of the column, we have 



Fy„y 

I 


(1205B) 


Substituting for I its value Ar^ in which r is the least radius of gyration 
of the cross-section about the neutral axis, we have 



Fy^y 

Ar* A \ r® / 


(1205C) 
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In this formula, y and r* are dependent upon the dimensions of the cross- 
section, which are readily obtained: therefore it is necessary only to 
obtain some value for y^ in suitable terms. 

To obtain such a value for we assume that the force causing the 
Vm in this column is the same which causes an equal ym in a beam fixed 
horizontally at both ends and loaded at the middle point. From the 
table, paragraph 319, we have 

y- - tSw 

Substituting in equation 1205C, we have 


This is the desired equation, but it is usually expressed in terms not 
including y and I. To eliminate th^e, we use again the table in para- 
graph 319 and find in second column the expression for unit stress for 
bending alone to be: 


S/« - gj. 


or 


y = 


8sf„I 

FI 


1205F) 


Substituting this value of j/ in equation 1205E, we have 

*•-3(1 + 21^) « 206 G) 

Eeplaeing 

s» = |(l + 5) (1205H) 

3-77W ( 12061 ) 

In this equation s„ is the unit stress in the surface fiber. Giving this its 

F 

allowable value, ac, we have ^ equal to the allowable xmit stress on the 
column. The equation then becomes 

Allowable Unit Stress on Column = — 2^— (1205J)) 

1 -b — 

The suppositions made in this deduction are only approximately true 
for columns, as may be seen by comparing the values of C obtained by 
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experiment with those obtained by substituting the ultimate strength 
of any material for and its modulus of longitudinal elasticity for Ef, 


in the expression C 


24: E/ 


Multiplying the allowable unit stress on 
cross-section, we have 


the column by the area of 


Total Allowable Stress on Column = 



(1205K) 


1206. The following table gives the values of a and C as used in 
applying the formula to different materials: 


Material 

Oc 

C 

Yellow Pine 

1,000 

1 

3,000 

Oak 

900 

1 



3,000 

White Pine 

700 

1 

3,000 

Cast Iron 

10,000 

1 

6,000 

M<=‘diiiTn - - 

12,600 

1 


36,000 

Sfift Steel 

11,250 



36,000 

WmiurVit Ttoyi . - 

10,000 

1 


36,000 


From the above table, it is seen that Rankine’s formula for medium 
structural steel becomes 


Allowable load per square inch on column 
Total Allowable Load. on. Column = A 


1 + 


12,500 

F 




36,000 
12,500 \ 


36,000 r*y 


(1206A) 

(1206B) 


120T; Problem -, — A Hollow- roan^ cast-iron column is to carry safely a load of 60,000 
pounds. Its thidbness is i", length, 12'. Find its external diameter. Use Rankine’s 
formula. 

Solattom— Benkine’a formula foe cast-iron columns is: 

10,000 
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( 7^2 T) 2\ 

4 ^7 ~ where D is the external diameter 

and Di is the internal diameter. In this particular case Z>i = i) — 1 and A = 
.7864 (D® - £)2 4 . 2 2) - 1) = .7854 (2 D - 1) 

jr 1. n • T ^2)2 2) 2 , ^ - 2 2 ) + 1 

r for a hollow circle = 3 ^ or m this case r = ^ 3 


and 


r 2 = 


2 2)2 - 2 D + 1 
16 


Making the proper substitutions in the formula above, we have 

/ 10,000 \ 


60,000 = .7854 {2D -1) 


1 + 


1442 




5,000 


2D^-2D + l 
16 


)) 


The reduction of this expression to a simpler form in which it can be handled more 
easily is rather tedious and the intermediate operations are omitted. Clearing of 
fractions, combining like terms, and dividing through by the coefficient of D®, we have: 
D3 - 5.41 D 2 + 4.77 D - 128.4 = 0 


The easiest method of solving an expression of this sort is to substitute trial values 
for d until one is determined which satisfies the equation. The correct value is first 
bracketed by assuming two values quite far apart and then more closely approximated 
by trying Values lying between the bracketing values. 

Substituting for D in the above expression a value of 7, we have: 

343 - 265 + 33.4 - 128.4 = -17.0 

Therefore 7 is not the correct value of D since the expression does not reduce to zero. 
Trying D = 7.5, we have: 

422 - 304.3 + 35.8 - 128.4 = +25.1 

D must lie between 7 and 7.5 since one value gives a positive value to the expression 
and the other gives a negative value. 

Trying 2) = 7.2, we have: 

373.2 - 280.2 + 34.3 - 128.4 = -1.1 

The correct value of d should apparently be a little more than 7.2 as the value 7.2 so 
nearly reduces the expression to zero. The value of D will therefore be taken as 7.22". 

1208. A.R.E.A. Formiilas. — The American Railway Engineering Asso- 
ciation has adopted the following formulas in which D = least dimension 
of cross-section, and r = least radius of g 3 rration. 

70 I 

Allowable Unit Stress on Column = 16,000 — (structural steel) 

= 1,300 ^1 — (longleaf pine) 
= 1,200^1 (Douglas fir) 

= 1,100 ^1 - (spruce) 

= 1,000 ^1 - (white pine) 
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These are formulas of the first degree (right line formulas) and are shown 
by experiment to give fairly accurate results. 

1209. A.B.C. Formulas. — ^The American Bridge Company has adopted 
certain “ Construction. Specifications,” which are not really formulas 
but which give allowable unit stresses on structural steel columns for 

certain values of - • These are as follows : 
r 


1 

r 

Allowable Unit 
Stress on Column 

1 

r 

Allowable Unit 
Stress on Column 

0 to 60 


130 

6,500 

70 


140 

6,000 

80 

11,000 

150 

6,500 

90 


160 

5,000 

100 


170 

4,500 

110 


180 

4,000 

120 


190 

3,500 


By multiplsnng the area of cross-section by the allowable imit stress 
on columns as given in the table, interpolating between values where 
necessary, the total allowable stress on the column is obtained. 

1210. Problem. — ^Pind the allowable load on a column 15' long, with r of 5.10", 
and area of cross-section equal to 10.17 square inches, using the Construction Specifi- 
cations of the American Bridge Co. 

Solution. — ^In the column mentioned, length was 15' or 1 = 180". 

The least radius is given as 5.68". 

Therefore - = = 36.3. 

r 5.10 

Referring to the specifications above we see that when ^ is between 0 and 60 the allow- 
able unit stress is 13,000 pounds. 

The total allowable load is 2 X 10.17 X 13,000 = 264,420 pounds. 

1211. Radius of Gyration. — In the above formulas, the allowable 
unit stress on the column depends upon the value of ^ or the allowable 

unit stress decreasing as the values of ^ or ^ increase. As the required 

length, I, of a column cannot ordinarily be changed in the plan for a 
structure, it is necessary to increase the allowable unit stress by selecting 
or constructing a column of such a cross-section that its least radius of 
gyration or least dimension of cross-section will be as large as practicable. 
No other value than the least r or the least d need be considered. For 
example, if a column with a cross-section of 8" X 4" can supportQ pounds 
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per square inch, it can support no more per square inch if its cross-section 
is changed to 16" X 4", as the least r and d are not changed: but if its 
cross-section is changed to 8" X 8", it will support much more per 
square inch because its least r and least d have been increased. 

1212. Problem. — builder requires a wooden column 8' long to support a load 
of 20,000 pounds. He has available timbers in the following sizes: 4" X 6", 
6" X 6", 4" X 10", all of Douglas Fir. Using the proper A.R.E.A. formula, determine 
which is the most economical size to use. 

Solution. — ^A.R.E.A. formula for Douglas Fir is: 

Allowable unit stress = 1200 ~ 6 ^d) * 

Considering the timbers mentioned, we have: 

For 4" X 6" timber, allowable unit stress = 1200 “ GO^^I ) ~ pounds per 

square inch. 

For 6" X 6" timber, allowable unit stress = 1200 ^ pounds per 

square inch. 

For 4" X 10" timber, allowable unit stress = 1200 — |o^3^) “ pounds per 

square inch. 

Mxjltiplying these values by the corresponding areas, we obtain: 

For 4" X 6" timber, safe load = 4 X 6 X 720 = 17,280 pounds 

" 6" X 6" " " 6 X 6 X 880 = 31,680 

4" X 10" " " “ = 4 X 10 X 720 = 28,800 

The 6" X 6" and 4" X 10" will safely carry the load. But the most economica 

column to use will be the 6" X 6" since it has a lesser area and therefore lesser cost 
than the 4" X 10". 

1213. The engineering handbooks have tables showing the values 
of r for different cross-sections, as squares, rectangles, circles, and struc- 
tural forms. By selecting the least r or the least d from the handbooks, 
it is possible to substitute in the formulas and determine the allowable 
unit stress for any column. Then, by multiplying this allowable unit 
stress by the area of cross-section (also in the handbooks) the total allow- 
able stress is obtained. 

1214. For ordinary structural shapes, the handbooks give tables 
showing the total allowable stress, and this can be taken direct from the 
tables without any calculations at all. These tables are prepared by 
calculations with certain formulas. If unusual shapes are used or if it 
is desired to use other formulas, special calculations must be made. 

KINDS OF COLUMNS. 

1215. Built-up Columns. — In order that there be no waste of ma- 
terial, it is desirable that a column be equally strong to resist bending 
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in all directions, as is the case in a column of circular cross-section, either 
solid or hollow. 

A built-up colunm is made up of two or more longitudinal pieces, so 
fastened together as to act as a single colunm. The aim in designing 
built-up columns is to design a cross-section so that the least r shall 
be the same in all directions, thus making the column equally strong to 
resist bending in all directions. As a rule only the two main r’s can be 
made equal. If a column is made up of two rectangular pieces (Fig. 
1216A) it will fulfill the required conditions as nearly as practicable if 
the unit stresses on the edges AB and AC are equal. They will be equal 
to each other if the moment of inertia or radius of gyration of the com- 
bined section about GH is equal to that about EF. 

1216. Let it be required to find the distance between the inner faces 
of the rectangles AB and CD when the moments of inertia of the com- 
bined cross-section about EF and GH are equal to each other. 


9 



a 

Fig. me A 


Let A = area of each rectangle 

F = moment of inertia of the rectangle AB about EF; 
r'= radius of gyration “ “ “ “ “ 

= moment of inertia “ “ “ “IK 

r“ = radius of gyration “ “ “ “ “ 

I" = moment of inertia “ “ “ “ GH 

The moment of inertia of the combined section about EF is 2 1', 
which expressed in terms of r gives 

2 1' = 2 Ar'2 (1216A) 

The moment of inertia of the combined section about GH may be 
determined from the principle of mechanics that the moment of inertia 
of any mass with reference to any axis is equal to the moment of inertia, 
about a parallel axis through its center of gravity, plus the product of 
the mass into the square of the distance between the two axes. Hence 
we have the moment of inertia of the rectangle AB about the axis GH 
through the center of gravity of the combined section, expressed in terms 
of the radius of g 3 na.tion. 

I" = i' -t- Ak^ = Ar"* + Ak^ 


(1216B) 
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in which Tc = distance between axes IK and GH, or between the center 
of gravity of the area of the rectangle AB and the center of gravity of 
the combined section. 

For the combined section we have 

2 I" = 2 Ar"* + 2 Ak? (1216C) 

By hj^othesis, the distance between IK and GH is such that 2 I" = 
2 r, hence 

2 Ar'2 = 2 Ar"^ + 2 Ak% (1216D) 

r'“ = r”^ + or 7; = V r'^ — r"^ (1216E) 

from which we can determine the value of k, when r' and r" are known. 
The distance between the inner faces of the two rectangular pieces is 
2k — i, VCL which h is the breadth of the cross-section AB. 

If r" is very small with respect to r', its value in the second member 
may be omitted, and we then have 

k = r' (1216F) 

This value of k is slightly greater than its true value. 

In practice it is not unusual to make A; = r' in built-up metal columns. 

1217. It is not enough to space the two members at the proper dis- 
tance apart; it is necessary to unite them so that they will act as one 
column; otherwise each member will act simply as one column with a 
least r equal to the least r of a member acting alone, and the load 



Fig. mrA 
Latticing used on 
Steel Columns 


carried by both members will be twice that carried by one member. 
To unite the members, lacing or latticing is used, that is, strips of material 
connecting the two members as shown in Fig. 1217A. The effect of 
the latticing is to divide each member into a series of short columns. 
To determine accurately the length of these short columns (distance 
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between connections of lacing or latticing pieces), we decide that 

- of short columns must = - of the entire column. (1217A) 

T T 

This gives the same allowable unit stress in the short column as in the 
entire column. In this equation (1217A) all of the quantities are known 
except the I of the short column; therefore, it can easily be determined. 

1218. Problem. — built-up column is composed of two channels 15'' 35 pound, placed 
back to back and single latticed. They are spaced 10" back to back. The column is 
15' long. Find the safe load on the column using the A.R.E.A. formula. 

Solution. — ^The first step is to find the least radius of gyration of the cross-section 
of the column, which is r in the formula above. 

r for the channels assumed is 5.58 about the axis perpendicular to the web (see Hand- 
book). 

The moment of inertia about the axis parallel to the web must be computed. The 
computation is as indicated below: 

I for one channel about its own axis parallel to the web is 8.4 from Handbook. 

k, the distance between axis of channel and axis of cross-section, is 5 + .79. 

Area of cross-section of one channel is 10.23 square inches. 

Ak^ = 10.23 X 5.792 - 343. 

The total moment of inertia for the cross-section is twice that for one channel, or 
2 (8.4 + 343) = 702.8. 

r = V 34.35 = 5.865 which is greater than the r about the other axis. Therefore 
it is necessary to substitute in the formula r = 6.58. 

Allowable unit stress = 16,000 - = 16,000 - 2656 = 13,745 pounds per 
square inch. 

The total allowable load on column = 13,746 X (2 X 10.23) = 281,120 pounds. 


= 16,000 — 2655 ~ 13,745 pounds per 


1219. Structural Forms. — ^Figs. 1219A to D show some of the fonns 
of cross-sections of columns made up from rolled steel forms. The plate 


S* Plate & Channel 


C> P!ate & Anate D. Latticed Channel 

Pig. mg 
Columns 


and channel column has the advantage over the others of a greater r 
for an equal area of cross-section; it has the disadvantage that it cannot 
be painted on the inside. 
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1220. Problem . — An upper chord member of a bridge truss is 20' long and is under 
a compressive stress of 220,000 pounds, (a) Select a column composed of latticed 
channels which will take this load. (6) Select a column made up of plates and angles. 

Solution. — (a) Referring to the handbook we find that two channels 12" 30 pound, 
single latticed, 20' long wHl take a load of 229,000 pounds. This section is sufficiently 
strong and would be used unless in the process of designing the bridge it was found 
necessary to use some other size of channel for convenience in making riveted connections. 
We will assume that considerations of design require that 10" channels be used. Re- 
ferring again to the handbook we find that the lightest column which will take the load 
among the 10" channels is one composed of 2 channels 10" 16.3 pound and 2 plates 
12" X I". 

(6) Under plate and angle columns opposite the length of 20' we find that the light- 
est column is one composed of 4 angles 6" X 4" X attached to a web plate 10" X 
f " which will take a load of 226,000 pounds. 

1221. Hollow Cast-iron Columns. — ^These are manufactured with 
cross-sections either round or rectangular. They have the advantage of 
a large r for the area of cross-section; they have the disadvantage of 
being of cast metal which makes them more expensive than the struc- 
tural forms, and the metal is not so regular as steel, not so uniform, and 
not of equal physical characteristics. 

1222. Wooden Columns. — These are usually round or square. Special 
wooden columns may be made with hollow interiors; or they may be 
made of solid pieces fastened together as in built-up beams, this being 
advisable when good solid timbers cannot be obtained, and being neces- 
sary when timbers of sufficient size cannot be obtained. 

1223. Reinforced Concrete Columns. — ^Figs. 1223A, B, C, show 
methods of construction of reinforced concrete columns. In practice 
they are made so short that buckling need not be expected; but the steel 


- 



Vertical reinforcement 

is nevertheless placed near the outer edge with a view to preventing 
buckling by tal^g up the tensile stress. The usual formulas for rein- 
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Ftg, B 

Hooped reinforcement. 



1223 C 

spiral hooped column reinforoenoent 
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forced concrete columns apply only to those short colximns whose length 
is not more than 15 times their-smaller dimension of cross-section; the 
allowable unit stresses are based on the allowable compressive stresses, 
which are taken as 650 pounds for concrete and 16,000 pounds for steel. 
For longer reinforced concrete columns, there are special and complicated 
formulas which are not considered in this text. 


PROBLEMS. 

P. 1201. What is the safe load for a hollow cast-iron column 12' long, inside diam- 
eter 7", outside diameter 8"? Use Rankine's formula. 

P. 1202. Determine the safe load on a hollow cast-iron column 12" square, and 
three-quarters of an inch thick, and 18' long. 

P. 1203. Select an I-beam column from the Handbook, 14' long, which will sustain a 
load of 160,000 pounds, safely. 

P. 1204. What is the safe load of a solid round wrought-iron pillar 18' long and 6" 
in diameter? 

P. 1205, What is the safe load that may be borne by a round white pine colunrn with 
fixed ends, whose diameter is 7" and length is 14'? How does this compare with the 
results obtained from the Handbook? 

P. 1206. A wooden cypress beam 16' long and 6" X 9" in rectangular cross-section 
is to be used as a column. What will be its safe load by the A.R.E.A. formula? 

P. 1207. What is the proper distance between the inner sides of two 12" X 2" oak 
planks so that they may be latticed together and form a column of maximum strength? 

P. 1208. It is desired to build a column of two pieces of lumber, each of which is 
12" X 3" in cross-section. Find accurately how far apart the pieces should be 
placed. 

P. 1209. How far apart should three planks, each 12" X 1", be placed in order to 
make a built-up column of maximum strength. 

P. 1210. In the following two cases, determine spacing between backs of two 8"-11.5 
pound channels so as to produce equal resistance to buckling in the two directions: 
1st, webs inside; 2nd, webs outside. 

P. 1211. What safe Joad will a hollow cast-iron column with fixed ends support if it 
is 14' long, outside diameter 10" and inside diameter 8"? Compare the load it could 
support for a length less than eight feet with the result obtained. 

P. 1212. Determine the load on a hollow, round, cast-iron column, external diameter 
12", thickness 1", and length 14' for a factor of safety of 8. 

P. 1213. A cylindrical wrought-iron column is 10' long, 6.4" outside diameter, 6" 
inside diameter, and carries a load of 50,000 pounds. Find its factor of safety. 

P. 1214. Determine the size of a square wooden column 30' long to safely sustain a 
load of 20 tons. 

P. 1215. A wrought-iron piston rod has a* diameter of 2" and a length of 4'. Con- 
sidering it as a column, what is the allowable diameter of the piston, if the steam pressure 
is 60 pounds per square inch, for a factor of safety of 10? 
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P. 1216. Select a column of channels, 18' long, to carry a load of 250,000 pounds, 
from those given in Handbook. The one selected should be the lightest one that will 
do the work. 

P. 1217. Compute the allowable load on the column selected in P. 1216 using the 
A.R.E.A. formula. 

P. 1218. A column is composed of a web plate 12" X 2 ", 4 angles 6" X 6" X 
and a plate 14" X riveted to two of the angles and perpendicular to the web plate. 
It is 14' long. Find the allowable load on the column by the American Bridge Company 
specifications. 

P. 1219. A column is composed of a T-shaped rolled form. The T cross-section is 
12" deep over-all and the top of the T is 10" wide. The thickness of the leg and the 
top of the T is 2". Find the allowable load on this column using the A.R.E.A. formula. 
Metal is structural steel. 

P. 1220. Determine the safe load of a hollow cast-iron column, 15" square, 3" thick, 
and 16' long. 

P. 1221. Determine the minimum size of round hollow cast-iron coliunn, 18' long to 
support a load of 220,000 pounds. Use same specifications as in P. 1220. 



CHAPTER XIII. 
FOUNDATIONS. 


1301. General Types of Foundations . — A foundation is the name 
given to the part of a structure which distributes the load to the soil. 
On its proper design and construction depends the safety of the structure. 
There are three general ts^pes of foundations: footings, spread footings, 
and piles. A footing is simply a widening of the structure at its base 
until the required area is obtained to properly distribute the load. The 
spread footing increases the area by placing beneath the base a grillage 
of steel I-beams imbedded in concrete (Fig. 1317A) or a mass of rein- 
forced concrete. A pile foundation consists of a footing resting on piles 
which serve either to distribute the load in depth by the friction be- 
tween the piles and the soil or by the column action of the piles in resting 
on a solid stratum to transfer the load to that stratum. 

EXPLORATION AND TESTING OF SOILS. 

Exploration of Sub-Surface. 

1302. The first consideration in the design of any foundation is the 
soil upon which the structure is to be built. It is imperative to obtain 
accurate information regarding the local conditions beneath the surface 
of the ground or below the bed of the stream so that the proper type of 
sub-structure can be designed. This necessitates the making of exca- 
vations, or borings, or the driving of test piles. 

1303. A common method of preliminary examination of the soil is 
to drive sounding rods (iron rods or pipes 1" or li" in diameter) by hand 
into the earth. The resistance encountered by these rods gives a general 
idea of the type of soil and its bearing capacity. For shallow founda- 
tions a test pit may be opened, a little deeper than the foundation is to 
be placed, so that the conditions for a few feet below will be known. The 
bearing capacity of the soil can then be tested. 

1304. Where a test pit is not advisable, due to the necessity of excessive 
excavation or the presence of water, borings are made. Hand borings 
may be made with an earth auger in which the necessary depth is 
obtained by the use of a sufficient length of joined pipe sections. When 
proper depth is obtained, the auger is withdrawn and the soil contained 
in the pipe sections is studied. 



Foundations. 


307 


Exploration of deeper or more compact strata can be made by wash 
borings. A hollow shaft is driven; water is then forced down the hollow 
shaft, out through an orifice in the bit, and in rising to the surface brings 
samples of the earth encountered. Wash borings are often unsatis- 
factory due to the water changing the natural condition of the material 
penetrated. Where rock is encountered, or where it is desired to take out 
dry samples of the sub-strata, core borings are m a de. For this work a 
drill with an annular bit whose cutting smfaces are black diamonds, 
chilled steel shot, or tempered steel teeth, is used to cut a core or cylinder 
which is broken off and raised to the surface. This method gives an 
accurate cross-section of the earth passed through, but is more expensive 
than other methods. 

1305. In the deep waterways survey made in 1900 for the barge canal 
through New York State, 1910 feet of rock were drilled at a cost of $3.13 
per foot of depth; wash borings were made on the same survey for from 
12fS to 85f5 per foot of depth. 


Bearing Power of SoUs. 

1306. For ordinary structures, the knowledge of the sub-soil, as 
determined by one or more of the methods of examination described 
above, is sufficient to determine its bearing capacity. However, where 
large and important structures are to be built, it is necessary to test the 
bearing capacity of the soil at the depth at which it is planned to place 
the foundation, tmless the presence of solid rock at a practical depth has 
been ascertained. Where rock is not found, testing is accomplished by 
sinking an open well, leveling off the foot of the well and placing a definite 
load on a known area, daily observations being taken to determine 
settlement. The Building Department of the Borough of Manhattan, 
City of New York, requires the area tested to be at least four (4) square 
feet, and does not accept the load under consideration as safe unless 
it causes no appreciable settlement in two days, and unless a 50 per cait 
greater load causes no appreciable settlement in the last four of six days. 


1307. The following table gives the approximate safe bearing capacity 
of various types of soils: 


Soft clay and wet sand 

Ordinary clay and dry sand mixed with clay . . 

Dry sand and dry clay 

Hard clay and firm coarse sand 
Firm coarse sand and gravel . . 

Rock, according to thickness 
and hardness 


1 ton per square foot 


2 “ 

3 “ 

4 “ 

5 “ 




It 
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tt tt 
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tt 
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1308. The safe bearing capacity is derived from the ultimate bearing 
capacity by dividing by a factor of safety whose value depends upon the 
uniformity of the soil. If the stratum upon which the building is to 
rest overlies a softer stratum, it is also necessary to determine the extent 
and thickness of the firm stratum. In Chicago where the surface soil 
overlies a very soft soil, the building regulations allow a load of 2 tons 
per square foot on sand and 1| tons on clay, when the bed is at least 
15' thick; for thinner strata, the loads must be reduced. 

The amount of water contained in a soil greatly influences the bearing 
capacity. Thus, quicksand if confined and dried can be used as a foimda- 
tion bed, its supporting power varying inversely with the amount of 
contained water. Clay is greatly changed by water: hard dry clay 
mixed with gravel often makes an excellent soil on which to place a 
foundation. 


GENERAL CONSIDERATIONS GOVERNING FOUNDATIONS. 

1309. A foundation may be considered satisfactory when the vertical 
movement or settling of the structure is uniform and hardly appreciable, 
and there is no horizontal movement of the structure on its base. 

If the soil under every part of the structxne has the same bearing 
power, the settling will be uniform if the unit pressure is the same at 
every point of the base. This uniformity is secured by designing the 
base of every section of the structure so that the resultant pressure shall 
pierce the base as closely as practicable to the center of the figure, and 
by enlarging the base of each foundation wall and pier until with a 
proper value of allowable unit bearing pressure the actual unit bearing 
pressure has a constant ratio to the bearing capacity of the soil. If the 
soil xmder the structure is not uniform throughout, the unit pressure on 
the base at any point must be proportioned to the unit bearing power of 
the soil at the same point; this is effected by vajying the dimensions of 
the footing. The greatest unit pressure must be where the bearing 
power is greatest, and the converse. If a part of the structure rests 
upon rock and the remainder upon compressible soil, it will be practically 
impossible to so adjust the pressure and resistances as to prevent unequal 
settling. The structure should, if possible, rest wholly on the rock or 
wholly on the compressible soil; if this is not possible, a cushion of sand 
may be placed on the rock. 

1310. If the center of pressure of any section of the base does not 
coincide with the center of figure, the pressure at that part of the base 
will not be imiformly distributed; and if the soil is uniform, the structure 
will tend to rotate about some line in its base. In the outer walls of 
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buildings a slight tendaicy to rotate inwards is not objectionable, since 
such inward rotation will bind the parts of the building together. 

The factor of safety of a foundation is the ratio of the unit bearing 
power to the unit pressure; it should be as large as practicable, as appre- 
ciable settling is to be avoided. 

1311. The soil underneath a structure must be protected from all 
disturbing influences. On land the foundation walls of buildings should 
extend below the limits of frost, and in rivers the foundations of piers 
should be deep enough to be protected from the imdermining action of 
the current. The extreme depth of the frost line depends upon the 
climate; in New York City the building regulations require the base 
of the foundation walls to be at least four feet below the sxuface of the 
soil. 

1312. Failure in a foundation may occur by horizontal as well as 
vertical movement. Where the horizontal component of the resultant 
pressure on the base is greater than the friction produced by its vertical 
component, the structure will move horizontally imless the foundation 
is designed to counteract this horizontal thrust. 

To avoid excessive excavation when the surface of the soil is much 
inclined, the base for the foundation wall may be a series of horizontal 
steps instead of a single inclined surface, or it may be made level by 
placing concrete where necessary. 


FOUNDATIONS ON LAND. 

1313. If solid rock is found near the surface of the ground, it is only 
necessary to remove all loose and decayed material under the piers and 
foimdation walls and then fiU the crevices and level the bed with a layer 
of concrete. The surface of this concrete becomes the bed of the founda- 
tion proper. If the rock is intersected by wide crevices, these may be 
bridged by masonry arches or by strong iron beams imbedded in con- 
crete; if the surface is inclined, steps may be cut in the solid rock for 
the bed of the foundation. 

Firm Soil with Light Loads. 

1314. Where the load upon the foundation is light and the soil near 
the surface is loam, sand, gravel, or day free from water, a trench is dug 
to a depth below the frost line and its bottom leveled to receive the foot- 
ings of the foimdation walls and piers. 

The footing (Fig. 1314A) is a mass of masonry or concrete by means 
of which the base of the wall or pier is widened so as to decrease the 
xmit pressure upon the soil and in some cases at the same time move the 
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center of pressure to avoid eccentric loading. If the center of pressure 
does not pass through the center of the foundation, the latter must be 
designed with reference to this eccentric loading, as explained in Chapter 
XI on Masonry, 



Fig. TSI4 A 
Types of Footings 


A footing is necessary whenever the safe bearing power of the soil 
is less than the unit pressure on the base of the wall or pier. A deep 
footing is usually stepped, since with less masonry it can be made as 
strong as a footing without steps. 

The vertical thickness of the footing may be deduced by assuming 
that the projecting part is a cantilever acted upon by a unit upward 
pressure equal to the unit downward pressure upon the entire base 
produced by the weight of the wall and its load. 

The width of the footing in feet at any cross-section is determined 
by dividing the total pressure per running foot of the base of the wall 
by the safe bearing power of -^e soil per square foot. The safe com- 
pressive stress of the masomy must also be considered; this for brick 
masoniy is about 175 pounds per square inch, and for concrete it 
varies from 250 poumds per square inch for a 1 : 3 : 6 mixture to 450 
pounds per square inch for a 1 : 2 : 4 mixture. 

According to standard building regulations, the thickness of a con- 
crete or stone footing should be at least one foot. Each stone must 
extend the full width of the wall. If the footing is stepped, each step 
of a concrete or stone footing is made at least one foot thick. The 
steps of a brick footing are either one or two brick thick; if one brick 
thick, the steps are 1^" wide; if two brick thick, the steps are 3" wide. 
A brick footing should always rest on a bed of concrete. 


1315. Problem. — ^The foundation wall of a building carries a load of 20,000 pounds 
per linear foot. It is 14" wide. The building is to rest on firm gravel. Design a footing 
of plain concrete. Assume a/ - 40, as = 36. 

Solution. — A^ume the footing to be of the rectangular type shown in Fig. 1314A, 
marked “concrete.’* 

From paragraph 1307 we find that gravel will support 5 tons per square foot, hence i 


20,000 
6 X 2000 


== 2 square feet. 


Therefore, since the load used is for a linear foot of waU, the footing will have to be * 
at least 24" wide — assume 26" — adding 2" for safety. 

The problem then reduces to one of determining the necessary thickness to resist 
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bending and shear on the projecting part of the footing which acts as a cantilever. 
This portion projects 6" beyond the edge of the wall on each side. 

Considering one linear foot of the foundation the maximum bending moment in the 
cantilever will be 


20,000 

26 


X 6 X 3 = 13,846 inch pounds. 


Using equation 2 67 A 



(267A) 


transposing and making the proper substitutions, we have 

I _ 13,846 


y 

but - for a rectangle is ^ , hence 
y b 


40 


= 346.2 


~ = 346.2 
b 


12 


D = 13.2 


or 14". 


Testing d = 14", as found above for shear, the area in shear will be 12 X 14 = 168 
square inches. 

The total allowable shear will be 36 X 168 = 6048 pounds 
The actual shear will be 


20,000 

26 


X 6 = 4615 pounds. 


The depth of 14" is therefore safe in shear. 

The footing will then consist of a slab of concrete running the length of the wall 14" 
deep and 26" wide. 


Firm SoUs ■with Hea'vy Loads. 

1316. As the load on the foundation increases, the type of footing 
discussed above becomes so large as to be uneconomical, due to the 
cost of a large mass of masonry and the vertical space occupied by it. 
This condition has led to the development of two types of spread foot- 
ings: the I-beam grillage, and the reinforced concrete footing. 

1317. The I-beam grillage consists of two or more tiers of I-beams 
imbedded in concrete. Each tier of I-beams is at right angles to the 
tier below it. To prevent rusting, it is necessary to surround each beam 
completely with concrete. To permit the placing of this concrete the 
beams are separated from each other by separators of cast iron or pipe. 
The opening between the flanges of the beams should be not less than 
three inches nor greater than one and a half times the ■width of the flange 
of the beams. (See Fig. 1317A.) The whole footing is encased in 
concrete, care being taken to fill the spaces between the beams. Four 
inches is suflBlcient covering for the steel except on the bottom where 
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there should be not less than twelve inches. In designing the footing 
the concrete is considered as taking no stress, the load being carried 
from tier to tier of the beams and to the soil through beam action. 
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Steel Grillage 

Single Column 

Fig. 1317 A 


This type of foundation was first developed in Chicago about 1878 
and is today in wide use throughout the country. In the Woolworth 
Building, New York City, the loads are carried through I-beam grillages 
to reinforced concrete piers resting on bed rock 115 feet below the street. 

1318. Problem. — ^Design a grillage footing for a steel column, using two tiers of 
I-beams. Base of column, 40" X 40". Load on the column, 800,000 pounds. Foun- 
dation soil is dry clay. 

Solution. — (1) Dry clay has an allowable unit pressure of 6000 pounds per square 
foot, hence 

"60^0 ~ ~ square feet 

is the required area in bearing. Hence use a 12' X 12' foundation. 

(2) Maximum bending moment — upper tier. The load on the upper tier of I-beams 

will be a uniformly distributed load along the under side of poimds per linear foot 

lacting up, while on the upper side the central 40" or 3.3' will be uniformly loaded with 

' pounds per linear foot acting down. 

The maximum bending moment will then be 

800,000 ,, 12 12 800,000 3.3 3.3 _ 800,000 (12 - 3.3) 

12 ^2^4 3.3 ^2^4" 8 

__ AAA 
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(а) Assume 4 I-beams; use the bending equation, a/ 

pounds per square inch. 

The section modulus of one beam will then be 

870,000 X 12 ,,, 

16,000 X 4 " 

Hence use 4 — 24" 79.9 pound I-beams. 

(б) Test for clear space or separation between the beams discussed in paragraph 1317. 

7.00 X 4 = 28" (7.00 = approximate width of flange) 

hence 40.00 — 28.28 = 11.72" which divided by 3, since there are 3 spaces, gives 3.9". 
This is sufficient. 

(3) Second tier, (a) Try 16 I-beams. 

The section modulus of one beam will then be = 40.8. 

1d,U0u X lb 

Assume then 16 — 12" 40.8 pound I-beams which will be satisfactory to carry the 
load. 

Test for clear space, as above. 


Hence dear space is sufficient. 

(&) Try 12 I-beams 

The section modulus of one beam will be == ^4.3 

Assume 15" 42.9 pounds which will be satisfactory. Test for dear space. 

5.5 X 12 - 66" 

144 - 66 = 78" 

78 

= 7.09" dear space. 

g 

The maximum allowable dear space will ^ ~ 8.25". 

Hence 6.36" will be satisfactory. 

The grillage will then be made up as follows: 12 — 15" 42.9 pound I-beams for the 
lower tier and 4 — 24" 79.9 pound I-beams for the upper tier. Concrete to be placed 
12" below the flange of the bottom tier and 4" on the sides. 

1319. The reinforced concrete footing has the advantages of being 
less expensive than the I-beam grillage and of lending itself to construc- 
tion in any shape. It is either of the slab or slab and beam type, 
although the shapes and method of reinforcing vary greatly. A 
comparison of plain and reinforced concrete footings can be made by 
reference to Figs. 1319A and 1319B. 


5.25 X 16 = 84" 
144 - 84 = 60" 

«®=40" 
15 " 


= in which a/ = 16,000 
y 
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1320. Comparison of Cost of Single Footings. 

(a) Plain concrete footing; 

Excavation, 11.5 cu. yds. at 50^ per yd $ 5.75 

Concrete, 205 cu. ft. at 20^ per cu. ft 41.00 

$405 

(b) Corrugated bar reinforced concrete footing: 

Excavation, 7.5 cu. yds. at BOjii per cu. yd $ 3.75 

Concrete, 102 cu. ft. at 20 per cu. ft 20.40 

Corrugated bars, 383 pounds at 2.5^ per pound 9.67 

Extra column length, 85 pounds at S.5i per pound 2.98 

$3O0 


This comparison shows that even in the sihgle piers a distinct saving 
is made by the reinforced concrete design. The percentage of saving 
increases with the size of the footing. Another advantage of the rein- 
forced concrete construction lies in the greatly decreased volume occupied 
as compared with unreinforced concrete. 

Soft Soils. 

1321. The bearing power of the soft soils most nearly approaching 
in consistency to the firm soils may be increased sufficiently, to bear 
the weight of an ordinary structure by increasing the area over which 
the weight is distributed. This may be done by making the footing 
wider, or by placing under the footing of the wall, a deep cushion of 
compressed sand much wider than the footing itself. 

If the soil is marshy and is continually wet, a grillage made of several 
layers of beams in dose contact may be employed instead of the sand. 
Timber is often used for this purpose since it will last indefinitely if kept 
continuously wet. Temporary weights such as the abutments of small 
military bridges are often supported by mattresses of poles and brush 
tied together by wire. 

If the soil is too soft to admit of such constructions, the trench imder 
each foundation wall must be excavated until a layer of firm soil is 
reached, or the foundation must be strengthened by the use of piles. 
The soft soil should be removed and the foxmdation laid on the firm soil 
beneath whenever this can be done without great cost. 

PUes. 

1322. A pile is a support which is driven or forced into the soil without 
previous excavation. Piles are dassified in several ways: by their use, 
as bearing piles or sheet piles; by their material, as timber or concrete 
piles; by their slope, as batter piles; and by some special feature, as 
disk or screw piles. P iling is ordinarily of either timber or concrete 
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although cast and wrought iron are employed in places, where wooden 
piles would not he durable or where the pile acts as a column without 
lateral support and where great strength is required. A bearing pile is one 



which resists a vertical, force, a batter pile one which resists an inclined 
force (Pig. 1322A). Sheet piling is the name given to a special form of 
piling driven to form a wall resisting the lateral pressure of wet earth 
or water. In its simplest form it is a plank driven vertically into the 
ground. 

1323. The timbers most often used for piles are: pine, oak, Douglas 
Fir, redwood, and C3q)ress, although any wood which will stand driving 
is satisfactory for temporary construction. Timber piles are prepared 
from the lower portion of the tree trunk by removing all branches and 
bark and closely trimming all knots. 

1324. A pile supports its load in one of two ways, depending on the 
soil conditions where it is driven. If the driven pile does not reach 
firm or hard soil it supports its load by frictional resistance developed 
on that part of the surface of the pile which is in the ground. The load 
in this case is transmitted to the soil in widening areas forming a conoid 
of pressure whose principal dimension is vertical. When the end of the 
pile rests on a hard stratum it acts like a column, more or less supported, 
and should be designed as such. 

Pile Drivers. 

1325. Piles are placed in position by the successive blows of a heavy 
LaTTimftr or by aid of a water jet. The machine used in driving piles is 
called a pile driver (Fig. 1325A). In its simplest form it consists of two 
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parallel vertical members called leads which guide the hammer during 
operation and which at the top hold the sheaves for the hammer cable. 
The leads are held in position by a truss arranged as shown in the figure. 
The height of the tower thus formed depends on the length of the pile 



Fig. 

Fidd Pile Driver with Steam Hammer 


which it is expected to use. This frame work is supported either on the 
deck of a barge, for use on water, or on a platform set on rollers or wheels, 
for use on land. This platform supports the boiler and hoisting engine, 
the latter being of the two drum* friction grip type. Either timber or 
steel may be used in the construction. With tMs rig are used two 
general ts^es of hammers, the drop hammer and the steam ha m m e r-. 

1326. The drop hammer is a solid iron casting with grooves to hold 
it between the leads of the pile driver, and with a pin at the top to which 
is attached a cable from the hoisting engine. The hammers used in the 
United States to drive timber piles vary in weight from 2000 to more 
than 4000 poimds. The hammer is raised to the top of the leads and a 
pile hoisted into place. Iron or wooden bars resting in hooks on the 
leads may be used to ke^ the pile in place during driving. The brake 

* One for hoisting hammer, the other for hoisting pile. 
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is then removed from the cable drum of the engine and the hammer 
falls, driving the pile into the soil. The hammer is thus raised and 
dropped until the pile is driven far enough. It has been learned from 
experience that 15' is the maximum height of fall that can be used with- 
out injury to the pile. Over-driving, that is, continued driving after 
the pile is properly seated, or driving with too great a hammer fall, 
causes the pile to shear, buckle, or broom, so that its bearing properties 
are greatly impaired. 

1327. The steam hammer consists of a heavy iron frame encasing a 
movable piston, which is raised and forced downward by steam pressure. 
The piles are driven by the blows of the piston, which under the action 
of steam falls through a distance varying from a few inches to two feet 
according to the size of the hammer. The frame is constructed so as to 
slide in the leads, and carries at its lower end an anvil shaped to receive 
the head of the pile, this anvil rfeeiving the blows from the piston. 
The weight of the frame helps to drive the pile. The steam hammer 
is much superior to the drop hammer in the follovdng respects: (a) its 
blow is lighter, and therefore it does not broom the pile so much; (b) 
it drives more rapidly, since it strikes from 100 to 300 blows per minute 
and this does not allow time between blows for the soil to close in on the 
pile. Commercial ts^pes range in weight from about 175 poimds, used 
to drive light sheet piling, to over 8000 pounds, used to drive the heav- 
ier types of timber and concrete piling. The McKieman-Terry No. 9 
steam hammer (Fig. 1327A), has a total weight of 8100 pounds, with 
a piston weighing 1250 pounds, which imder 80 poimds per square 
indi steam pressure strikes 200 blows per minute, each blow exerting a 
downward force of 7100 pounds. 

1328. The Water Jet. — If the soil is sand, silt, or mud without boulders 
or other obstructions, a pile may be forced into the ground by placing 
a load on its top and then forcing a stream of water to its lower end. 
The water softens and stirs up the material so that the pile sinks under 
the load placed upon it. In sinking a wooden pile the stream passes 
through a tube which is attached to the pile by means of staples. When 
the pile is in place the tube is withdrawn. Reinforced concrete piles 
and other piles which would be shattered by the hammer may be driven 
in this manner. 

The water jet tube is usually made up of one or more straight pipes 
2" or 2^" in diameter and carries a nozzle (usually about 1" in diameter) 
at its lower end. The top of the tube is connected by flexible couplings 
to the discharge of a pump delivering from 50 to 250 gallons of water 
per minute according to the finen^ and compactness of the soil. Water 
pressures of from 60 to 200 pounds per square inch are used. The water 
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not only softens the soQ at the tip of the pile, but by coming to the surface 
around it reduces the frictional resistance on the sides of the pile, which 
sinks under the weight. This method of placing piles is extensively 
used with concrete piles, and with other piles in sand or fine compact 
silt. Its greatest advantage is that the pile is placed without injiuy 
to it. 


Load on Piles. 

1329. The resistance of a driven pile to further movement could be 
accurately determined at any time were the intensity, direction, and 
law of distribution of the earth pressure upon its surface and bottom 
known. As these cannot be definitely ascertained, all formulas for the 
safe load upon a pile must be theoretical, based upon hjTpothesis, or 
simply empirical, based upon observation. 


1330. Theoretical Formula for Drop Hammers. — Captain Sanders, 
Corps of Engineers, deduced a formula based on the hypothesis that the 
work of the pile’s resistance developed by the last blow of the hammer 
is equal to the theoretical kinetic energy of the hammer at the instant 
of striking, or 

MV^ Wh 

R'd = -^ = Wh, or ^ (1330A) 

in which R' = ultimate resistance of pile, or its ultimate load, in 
pounds; 

M = mass of hammer; 

V = striking velocity of hammer in feet per second; 

W = weight of hammer, in pounds; 
h = height of fall of hammer, in feet; 

D = penetration of pile at last blow, in feet. 

Recognizing that the value of R' in this formula was too great because 
some of the kinetic energy of the hammer was expended in overcoming 
the friction of the hammer in the guides, in deforming the pile and the 
hanamer, in producing heat, etc., he proposed as the safe load of a pile, 
one-eighth of R'. His allowable load was therefore 

R" = ^ (1330B) 


To provide for the losses due to friction, etc., in the original formula 
it has also been proposed to increase the denominator of the theoretical 
formula by a constant determined from experiment. If the constant 
is adopted, the formula (1330A) becomes 


R' 


+ 


(1330C) 



Foundations. 


321 


If A is left in feet, and d is expressed in inches, this becomes 

D, Wh 12 Wh 

12 “^12 


(1330D) 


The most complete theoretical formula that has been deduced is that 
of Mr. E. P. Goodrich, which in its general form consists of twenty-five 
terms and several coefficients. It has been found by experiment that 
many of these terms can be evaluated without exce^ing an allowable 
error. When this is done the formula reduces to 

R" = (1330E) 

where d is in inches. 


1331. Empirical Formulas. — ^The most generally used formula in 
American practice is 

R" = (1331A) 

in which D is average penetration under last few blows in inches, h in 
feet, R” and W in pounds. 

This is known as the Engineering News formula. It was derived by 
Mr. A. M. Wellington from experimental data. This formula is the 
general standard now used. It will be noted that it can be obtained 
from the last form of Captain Sanders’ formula by introducing a factor 
of safety of 6. The figure 1 appearing in the denominator takes care of 
the initial resistance of the pile on the last blow, which is taken to be 
equal to 1" of penetration. 

For use with steam hammers, this formula is modified to allow for 
the difference in initial resistance by substituting 0.1 for 1 in the denom- 
inator. Recent tests would seem to indicate that this constant should 
be 0.3. As more data are accumulated, this constant will be more 
accurately expressed. The most satisfactory way of determining the 
ultimate and safe loads is to drive several piles on the site selected, and 
some time after they are driven load them until they begin to sink. This 
will give the ultimate bearing power, from which the safe bearing power 
may be obtained by the introduction of a factor of safety. 

Pile Foundations. 

1332. When the weight of the structure is to be borne by the piles, 
tke piles are driven along the bottom of the foundation trench in rows 
so arranged that no two piles are less than 2|' or 3' apart. The tops 
are sawed off in a horizontal plane and are covered with a grillage or with 
a layer of concrete. 
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1383. The grillage is made by capping each row of piles with a heavy 
longitudinal beam, which is fastened to the piles by mortise and tenon 
joints or by drift bolts. A plank platform may be spiked to the capping; 
or one or more layers of b earing at right angles to each other and in close 
contact may be laid between the capping and the platform, each layer 
being fastened to the layers above and beneath. When a concrete bed 
is employed, the earth about the tops of the piles is replaced by a bed 
of concrete which holds the piles in place and distributes the weight 
over the entire area as well as over the piles. 

1334. If the soil to a considerable depth is very soft, the piles are 
braced laterally by throwing loose stone in the spaces between them 
before the grillage is constructed. This is usually done when the piles 
are driven into a firm stratum which is covered by a thick layer of soft 
material. 

If intended simply to compress the soil, piles from 8' to 15 ' long, 
8" to 12" in diameter, are driven close together over the bottom of the 
trench or over the area of the foimdation. The weight of the structure 
rests on both the compressed soil and the piles. 

1335. The diameter of a bearing pile at the butt should be from 12" 
to 18". The length of a pile depends on the load and the character 
of the soil, and may be as great as 100'. Bearing piles should be straight 
and have tips of at least 7" or 8" in diametCT. Piles should be cut off 
below the lowest ground water level, to insure their preservation. 

Sheet PUiag. 

1336. Sheet piling may be timber, steel, or reinforced concrete. The 
best and most common commercial form of timber sheet piling is the 
Wakefield (Fig. 1336A). It consists of three planks bolted and spiked 
together forming a groove on one edge and a tongue on the other. Dressed 
lumber is used for the central plank so that a tight fit is obtained between 
each tongue and groove. The bottom of each pile is bevelled toward 
the longer center line of cross-section to aid alignment, and on one edge, 
toward the shorter center line of cross-section to force each pile tightly 
into the wall. The sheet piling is driven like ordinary round piling. 
As the excavation takes place, the piling is braced to resist lateral pressure 
due to watOT or soft soil. 

1337. Steel sheet piling (Fig. 1337A) has been developed as an im- 
provement on the use originally of structural sted shapes so arranged 
as to form a water-tight wall w;hen driven as piling. One of the earliest 
forms was made up of alternate piles composed of standard I-beams, 
and of two standard channels bolted together with separators, to form a 
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recess between the flanges of the channels, which received the flange 
of the I-beam. The success of steel sheet piling, due to its greater 
strength, its durability, and its lesser resistance to driving, soon led to 
the development of special shapes, all of the piles being alike, and inter- 
locking when driven. In structural steel handbooks will be foimd 
information on these patented shapes, which are usually knowm by trade 
names. Steel sheet piling is more easily driven than timber sheet 
piling, requires less bracing due to its greater strength, and can be used 
to greater depths. Although more expensive in original cost, it is more 
economical than wood since it is easier to withdraw without injury, and 
hence can be used more than once. 

1338. Reinforced concrete sheet piling is principally used where it 
is to be left in place to form part of a structure. This often occurs in 
piers and wharves and in some tjqses of causeway construction where 
the concrete sheet piling forms a permanent wall of support. It is very 
durable and, although a little harder to handle in driving, is coming into 
general use. Each pile is designed as a flat slab reinforced concrete 
beam. 

1339. life of Timber Piles. — Timber which is kept constantly wet will 
last indefinitely in fresh water. One example is Attila’s bridge over 
the Danube, the piles of which were recently discovered in good condi- 
tion. If, however, the timber is subjected to alternate wet and dry 
periods, it decays within a few years. In the warm salt waters of the 
South Atlantic, Gulf, and Pacific States, timber piles are veiy short 
lived due to marine borers. The borers, or worms, the most destructive 
of which are the teredo and the limnoria, eat into the piling and soon 
honeycomb it, destroying its strength. To combat the attacks of these 
marine animals, timber piles in these watera are either impregnated 
with creosote oil or mechanically protected by metal or earthenware 
sheathing. 

Concrete Piles. 

1340. Due to the short life of timber piling under various conditions, 
and the increasing difficulty in obtaining long and heavy piles, concrete 
piles are being used extensively. There are two general classes of con- 
crete piles: (1) the pre-molded, where the pile is cast, cured, and then 
driven like a timber pile; and (2) the cast-in-place, where the concrete 
is cast and sets in position. 

Pre-molded piles are always steel reinforced. Several forms of this 
type have been patented, while other forms in general use are impatented. 
La design and reinforcing, pre-molded piles are very similar to ordinary 
reinforced concrete columns, the longitudinal rods being placed just far 
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enough inside the concrete to prevent corrosion and being strengthened 
■ laterally by hoops or spirals of small cross-section. 

Practically all forms of the cast-in-place type are patented. The 
most generally used is the Eaymond pile. This pile is constructed by 
driving a sheet steel casing into the soil by aid of a collapsible core, 
which, when sufficient penetration is obtained, is removed so that the 
casing may be filled with concrete. Cast-in-place piles are ordinarily 
made without reinforcing. 

Screw and Disk Piles. 

1341. For piers, wharves, lighthouses, etc., hollow cast or wrought- 
iron piles 8" to 12''' in diameter are sometindes used, having either a 
flat disk or a set of screw blades at the bottom. The disk of the disk pile 
is usually 3' or 4' in diameter with one or more holes for water jetting. 



The pile is usually made in sections which are fastened together as it is 
driven. Screw piles are usually made with a wrought-iron shaft and with 
cast-iron blades 3' to 4' in diameter. (Fig. 1341A.) Screw piles are 
usually sunk by men working with capstan bars. Disk piles are sunk 
by a water jet. 
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Screw piles may be forced through soils in which the water jet cannot 
be employed, and are used on shoals along the coast where the water is 
so rough that the ordinary pile driver cannot be employed. Like the 
disk pile, the screw pile has a large bearing area to resist not only the 
downward pressure but also the lifting power of the waves. The resist- 
ance of the screw and disk piles is due principally to the resistance of 
the soil under the disk or screw. This is increased, however, by the 
resistance along the sides, which varies from 200 to 800 pounds per square 
foot of this area, depending upon the firmness of the soil. 

FOUNDATIONS UNDER -WATER. 

1342. The foundations of bridges (piers, and abutments), wharves, 
dock walls, breakwaters, etc., are constructed on sites covered with 
water. The difficulty of construction depends upon the depth of the 
water, the velocity of the current, the variation of depth of the water, 
wave action, and the care which must be taken to prevent settlement. 

There are two general methods of executing the work: in the first, 
the foundation is laid without removing the water from the site; in the 
second, the water is removed from the site so that the work may be 
executed practically in open air. Whatever the method of execution, 
if the structure is an important one, the soil must be previously ex- 
amined by borings or soundings. 

WITHOUT DRAINING THE WATER FROM THE SITE. 
Random Rock. 

1343. The simplest method of constructing foundations under water 
is to throw in layers of stone until the stone reaches the surface of the 
water. The top of the rip-rap is then covered with a level bed of con- 
crete which becomes the base of the superstructure. This method is 
employed in the construction of breakwaters, jetties, etc. The founda- 
tion is rendered compact by the action of the waves, and slight settlement 
is not objectionable. On exposed sites very large blocks of concrete 
are preferred to natural stones. 

Cribs. 

1344. If the soil is firm, the foundations for light structures may be 
made by sinking common cribs. These are constructed of round or 
squared logs halved at the ends and firmly fastened together with bolts 
or iron clamps. The crib is divided into a number of pockets by strong 
cross-walls. Some of the pockets are floored near the bottom and 
others are left open. The crib is floated to the site, held in place by 
piles or anchors, and sunk in place by filling the closed pockets with! 
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quarry stone. When the crib reaches the bottom, all the pockets, both 
open and closed, are filled with stone and the crib is thus securely an- 
chored. The stone in the open pockets settles xmder those parts of the 
crib which do not touch the bottom. Cribs require less stone than ran- 
dom rock foundations. If cribs are to be used for foundations of masonry 
structures, the crib work should be terminated below the low-water line; 
for piers of temporary bridges the crib extends above the water level. 

Rock in Shallow Water. 

1345. If the bottom is of rock in shallow water and the current is not 
strong, forms may be placed and the foundations made of concrete. 
Since concrete dropped through water is injured by the mortar being 
washed from the stones, the following methods have been employed to 
get it into place with as little injury as possible: 

(1) The concrete is lowered to the bottom in open-mesh bags which 
are carefully laid by divers; 

(2) it is lowered in water-tight boxes with doors in the bottom which 
are opened by means of a cord when the box reaches the bottom; 

(3) it is passed through tubes which reach from the deck of a scow to 
the bottom. The concrete is placed and rammed in layers. 

Concrete laid in water is not as uniform or compact as when laid in 
air. For this reason the usual practice when possible is to lay a few feet 
to seal the bottoms of the forms, which are practically water-tight; then 
to pump out the water and complete the concrete work in the air. 

Piles under Water. 

1346. If the river bed is of earth, and the water is not too de^, some 
form of pile foundation may be employed. When piles are us^ as a 
foundation for a masonry structure, they are cut off a short distance 
above the bed of the stream and capped either with a timber griUage or 
with concrete. Where a timber grillage is used, each cut-off must be at 
the same elevation so as to obtain an even bearing. When concrete is 
used to cap the piles, it is not necessary nor advisable to cut the piles at 
the same elevation, since it strengthens the concrete to have the tops 
of the piles in more than one horizontal plane. 

Piling which extends some distance above the bed of the stream is 
strengthened laterally by bracing or by placing rip-rap around it. Di^ 
and screw piles are made long enough to extend above the water and may 
be leveled by adjustable caps. They are stiff^ed laterally above water 
by struts and ties connecting eadi pile with at least three others. 
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Metal Shell Cylmdrical Pier. 

1347. This pier is a concrete pillar resting on a pile foundation and 
surrounded by a cylinder of wrought or cast iron. Its diameter varies 
from 4' to 10'. To construct this pier, a cluster of piles covering as large 
an area as can be conveniently surrounded by the cylinder selected is 
driven well into the bed of the stream. The piles of the cluster are in 
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dose contact. The piles may be cut off just below the water line, al- 
though this is frequently omitted. The iron cylinder is lowered over 
the piles in sections 5' or 10' long which are bolted or otherwise fastened 
together. The cylinder rests on the bottom of tiie stream imless there 
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is a soft bottom which has not been entirely dredged away, in which case 
it sinks a short distance imder its own weight. The cylinder is then 
filled with concrete with or without first pumping out the water. The 
piers are usually constructed in pairs or groups and united by braces 
(Fig. 1347A). These piers are used in the construction of highway and 
short-span railway bridges. 

In firm soil and still water the cluster of piles may be omitted and the 
concrete made to rest on the soil itself; in soft soil the same method may 
be employed, but the diameter of the pier must be increased. However, 
if any horizontal forces are to be expected, the pier must be bonded to 
the soil. In soft soil, this is done with piles as described above: with 
rock bottoms, it is done by drilling holes in the rock and grouting in iron 
bars which project up into the concrete. 

1348. The piers of Bridge No. 5 of the Norfolk and Western Railway 
over the Elizabeth River near Norfolk, Va., are of the ts^pe described 



above (Fig. 1348A). The cylinders are 20' in diameter and 15' 9" high, 
made of f " steel braced by 3J" X 3|" angles. They were sunk in the 
bed of the river by their own weight, dredged out, and 80 piles driven 
inside them and cut off 7' above the bottom. The cylinder was then 
filled with concrete into which was imbedded a second and smaller 
cylinder carrying the bridge load. 

EXCLUDING THE WATER FROM THE SITE. 
Coffer-dams. 

1349. Where the foundation is to rest at a depth of not more than 
about 30 feet below the water surface, a coffer-dam and pumping will 
usually be the most practical and economical means of exduding the 
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water. A coffer-dam is a temporary dam built around the site of the 
foundation so as to exclude the outside water from it either completely 
or sufficiently to keep the area dry by a practical amount of pumping. 
The inside water is pumped out and the substructure can then be built 
in air. It is found cheaper to pump some water which leaks through the 
coffer-dam than to make a perfectly tight dam. 

1350. Coffer-dams may be divided into four general classes: earth, 
earth and sheet piling, sheet piling alone, and movable coffers. 

1351. Earth Coffer-dam. — ^The earth coffer-dam is simply a temporary 
dam of earth placed around the site to be unwatered. It can be used 
only in shallow water where the current has a very low velocity. It is 
constructed of earth either brought from the shore or dredged from the 
bottom. Sand or gravel mixed with clay is the best material. The 
dam should be made about three feet higher than the water level and 
three or four feet wide on top. The water side should have the natural 
slope of the material while the inside slope should be more gradual. 

1352. Earth and Sheet PUing Coffer-dam. — In order to increase the 
water-tightness of an earth coffer-dam, plank or sheet piling is sometimes 
driven to form a core wall. This wall may consist simply of a single line 
of plank or sheet piling driven along the center of the dam or it may 
consist of two rows of sheet piling separated by a few feet. In the latter 
case, puddling is placed in the space between the two rows of sheet 
piling. The puddling should consist of material which is impervious to 
water and which will not be washed away if a leak is developed in the 
dam. A mixture of clay, sand, and gravel is the best material for the 
purpose; the finer material fills the interstices of the coarser, and the 
coarser material resists the movement of the water when a leak develops. 
Common loam, clay, and fine gravel are also employed as puddling 
material. The puddling is placed and tamped in such a manner that 
there shall be no distinct layers. 

Experience has demonstrated that a thickness of two feet of good clay 
puddling is sufficient to prevent the percolation of the water through a 
coffer-dam of the usual height. 

The sheet piles are first driven around the site; then the puddling and 
the embankments on the outer sides of the sheet piling are constructed at 
the same time. 

1353. Coffer-dams are also built without the earth embankments when 
the embankments are not needed for stability, or when it is inadvisable 
to obstruct the stream with them. This type is shown in Kg. 1353A. 
Guide piles, marked A in the figure, are first driven around the site in two 
parallel rows coimected by horizontal beams, called wales, bolted to the 
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piles. The wales are then connected hy rods and cross-beams. The 
sheet piling marked B is then driven against the wales, and fastened to 
them. The puddle is then placed and, if floods are to be ^pected, the 
top is planked in to prevent the puddle from being washed out. The 
thickness of the dam is usually made about equal to the height for low 



Plan 


dams and equal to about one-half the height for high dams. The thick- 
ness of the sheet piles depends upon the distance between the wales. 
Piles miost be driven sufficiently deep to prevent the puddling from 
escaping underneath them. 

The guide piles and the weight of the dam must resist the tendency of 
the dam to overturn or slide due to the water pressure against the out- 
side sheeting. This pressure will determine the length of the guide piles 
and the distance between them in each row; the latter is usually from 
four to eight feet. 

The distance between the inner rows of piles and the foimdation is at 
least three feet, if no inner excavation is necessary; if the soil must be 
excavated, this distance is increased by one and one-half times the depth 
of the excavation. When necessary, the stress in the piles may be 
rdieved by inner braces which rest against the foundation itself or 
against adjacent sides of the dam. This type is often used when large 
areas are to be mwatered. 
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1354. Steel sheet piling may be used without support, several impor- 
tant works having been completed this way. This method was used in 
constructing the coffer-dam built in Havana Harbor by the Corps of 
Engineers aroimd the U. S. S. Maine, Lackawanna steel sheet piling 
being used. This dam was elliptical in form, 219 feet by 398 feet along 
the axes, and was in water var3iTng in depth from 29 to 37 feet. The 
ellipse was composed of cylinders each 50 feet in diameter which were 
filled with mud dredged from the harbor bottom. ' The cylindrical form 
was adopted because of its inherent strength against outside pressure; 
each cylinder was so designed as to be self-supporting, adjoining cylinders 
being connected by arcs of sheet piling to increase the strength and 
water-tightness. 

1355. Sheet Piling Coffer-dam. — In this type of coffer-dam, the sta- 
bility and water-tightness are dependent on a single wall of sheet piling 
driven around the site unwatered. They are generally called single- 
walled coffer-dams. The single-walled coffer-dam is less expensive than 
the double-walled and is better adapted to small areas. In narrow 
streams with swift ciurents it is very practical, since it interferes as little 
as possible with the flow of the water. Some form of support is required, 
which may be (a) internal bracing whereby the sides are braced against 
each other or against the structure as it is built; (6) cribs filled with 
stones; (c) piles acting as cantilever beams. Cribs, if used, are made on 
land, of round logs held together by drift bolts, then floated to the site 
and sunk by filling with stone. After the cribs are in place, the sheet 
piling is driven and made water-tight in case of leaks by banking clay 
on the outside or in some cases covering the sheet piling and the adjacent 
bed of the stream with canvas which is weighted with stone or other 
material to make it conform to the bottom. Where steel sheet piling is 
used, cement grout is placed in all joints to prevent leakage. The steel 
sheet piling, due to its greater strength, is now more generally used than 
timber. 

When the bottom of the river is rock, the sheet piling cannot penetrate 
and is supported by cribs. Timber sheet piles are generally used in this 
case, the bottoms of the piles being mashed on the rock’ to give a close 
fit. When seams are found in a rock bottom they are grouted. 

1356. Movable Coffer-dam. — When a coffer-dam is used to aid in plac- 
ing a grillage which is to rest on soft rock or piles, it is usually constructed 
so that the walls can be easily detached and removed. This is known as 
a movable coffer-dam. (Fig. 1356A.) The grillage is made of two or 
more layers of heavy timbers placed in contact with each other and 
fastened together. The sides of the coffer-dam consist of frames to which 
planks are spiked. The sides are held in place by blocks spiked to the 
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bottom, and iron rods which at the bottom hook into iron rings fastened 
to the grillage beyond the sides and at the top pass through heavy cross- 
beams which are notched into the sides, "^en completed, it is thor- 
oughly calked to make it water-tight. 



Fig. 1356 A 
MovaUle Coffer 


Each horizontal dimension is from four to six feet greater than the 
pier, and its height is several feet greater than the depth of the water. 
It is loaded with a few courses of masonry to give it steadiness and is 
then floated to the site which has in the meantime been prepared to 
receive it. It is accurately put into position, and is held in place by 
piles, anchors, or cribs while the masoniy is being laid. When it has 
sunk nearly to the bottom, sufficient water is let in through valves so as 
to sink it in place. K it does not rest evenly on the bottom, the water 
is pumped out, the coffer-dam floated, and the foundation readjusted. 
When it rests satisfactorily on its foundation, the masonry is continued 
until it reaches the top. The iron rods are then removed and the sides 
taken away. 

The grillage bottom may rest upon the soil itself if it is firm, especially 
in still water where there is no danger of undermining. The bed is pre- 
pared by dredging the soft material and then leveling it for the grillage. 

1357. Design and Construction. — ^It is impracticable to design earth 
coffer-dams. The general method of design is to consider the hydrostatic 
pressure, and make allowance for changes in the water level and for 
■floating material. When a coffer-dam fails, the cause is usually con- 
tinued leakage and consequent washing out of the material of the coffer- 
dam; hence care must be exercised in construction to obtain the proper 
mixture of clay and gravel and to place it properly. Leaks should be 
located as they develop and checked before they create weakness in the 
coffer-dam. 

When sheet piling is used, it is constructed to act as a simple beam 
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between supports and is designed to resist the pressure of the water and 
the earth filling. Experience has indicated many details of construction 
and design which cannot be theoretically calculated. 

1358. Dredging. — When material from the bed of the stream is used 
in the construction of the coffer-dam, some form of dredging apparatus 
is used. The kind of apparatus depends upon the depth of the water 
and the character of the soil to be excavated. 

The most common apparatus is the clam shell bucket attached to the 
hoisting cable of a crane. As its name suggests, it is a bucket made of 
two leaves each shaped like an ordinary clam shell. When open, their 
cutting faces are vertical; when closed, they form a semi-cylindrical 
bucket. A modification of this bucket, called the orange peel bucket, is 
hemispherical in form and opens out into four sections. These buckets 
are made of steel and when dropped open they penetrate the soil, due to 
their own weight. By a suitable device the buckets are closed while 
in the soil and the material is hoisted by a crane. 



Sand Pump 

The sand pump (Fig. 1358A) is often used in restricted areas. It 
operates on the principle of a reduction in pressure due to the production 
of a vacuum by the high velocity of a stream of water passing through 
an orifice; this causes the mud or sand to be carried with the water into 
a discharge pipe. The high pressure water is forced into a chamber at 
the base of the discharge-pipe. A, just below its junction with the suction- 
pipe, B. As the water escapes between the pipes it creates a partial 
vacuum in pipe B, sucks up the mud or sand and water and discharges' 
it at the desired point. 

Large centrifugal pumps are also used with what is called a suction 
dredge and the material is actually pumped, the pump having sufficient 
clearance to pass the gravel. Buckets fixed on endless chains or belts 
are also employed. The last three methods deliver large quantities of 
water with the soil, which prevents their use imd^ some conditions. 
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1359. Divers. — ^Where sunken logs, boulders or other obstructions are 
encountered in driving sheet piling, or when leaks develop in a coffer- 
dam, it may be necessary to obtain the aid of a diver to clear up obstruc- 
tions below the water surface. 

The diver wears a strong air-tight suit surmounted with a metal helmet 
which rests on his shoulders. The helmet is connected by a flexible 
tube to a small hand air-compressor above water. To enable him to 
see, the helmet has a glass face, and to keep him io an upright position 
the soles of his boots are heavily weighted. The diver is raised and 
lowered by means of a rope which passes imder his arms. 

The pressure of the air in the helmet must be sufficient to withstand 
the pressure of the water on the flexible tube, or 15 pounds above the 
normal for every 34§ feet of submergence. The extreme depth to which 
a diver has gone is about 207 feet. 

Caissons. 

1360. A caisson may be defined as a box which is placed in position 
and then filled with concrete or masonry to form a permanent part of 
the substructure. There are three general classes of caissons used in 
foundation work; the box caisson, which is open at the top and closed 
at the bottom; the open caisson, in which both top and bottom are open; 
and the pneumatic caisson, in which the bottom is open and the top closed, 
compressed air being used inside the box thus formed. 

1361. Box Caisson. — ^Either wood or reinforced concrete is usually 
used in constructing box caissons. When made of wood, the bottom is a 
water-tight grillage of heavy timbaa, and the vertical walls are of hori- 
zontal sheathing fastened to vertical studding. The height of the wooden 
caisson is such that when it is in position it will be entirely below low 
water. For this reason, removable coffer-dams are used to increase its 
height during placing. If a concrete box caisson is constructed, the 
expense is greater; but it is not necessary to have removable sides, since 
the caisson can be finished off above the water line as part of the structure 
vrithout destroying its appearance. In water infested with marine 
borers, the concrete box caisson is particularly, advantageous. The 
caissons are constructed on shore usually on skids to assist in launching; 
they must be reinforced to withstand both the exterior forces of sinking 
and the interior forces due to the filling. 

1362. The most common use of the box caisson is where the foxmda- 
tion is to rest on piles or on soil which in its natural condition presents 
a firm and level bed. The method used in placing a foundation with a 
box caisson is to construct the caisson on the shore, adjacent to the site, 
and when completed to load it with enough of the foundation masonry 
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to make it stable in the wata*. It is then launched and moved to its 
position, where it is kept in place during sinking by guide piles, cribs or 
guy lines. The concrete or masonry is then placed and sinks the caisson 
by its weight. Due to the solid bottom of the caisson it is difficult to 
remove material from beneath it as it sinks, although this has been 
accomplished for short distances by the use of large numbers of water 
jets projecting through the bottom. If a small amount of soft material 
has to be removed to expose a solid stratum it is usually accomplished 
by dredging. It is therefore seen that the box caisson is limited in its 
use to those foundations where piling is used or a firm bearing can be 
obtained practically without excavation. 

1363. Open Caisson. — Open caissons can be divided into three 
general groups or t3T)es; the single wall, the cylindrical, and the caisson 
with dredging wells. 

The single wall open caisson consists of a framework of heavy timbers, 
steel, or concrete, either entirely or partly open at the top and bottom. 
It is employed in very soft material or where little sinking is required. 
The caisson is placed and loaded with heavy weights so that it will sink 
as the material is removed from within by dredging as described above. 
If the friction on the sides is too great, water jets placed along them are 
used to aid in the sinking. When in place, a layer of several feet of 
concrete is deposited through the water and allowed to set, the water is 
pumped out, and the remainder of the concrete or masonry placed in 
the dry, thus producing better conaete than if it were all placed through 
the water. The use of the single wall open caisson is limited by the fact 
that the sinking is produced by temporary weighting which makes it 
successful only in soft material or where the required depth is not great. 
It is standard practice to dredge as much of the soft material from the 
site as possible before sinking the caissons. 

1364. Cylindrical Open Caisson. — Steel and reinforced concrete are 
used most frequently for cylinder caissons. Timber and cast iron, al- 
though used, are not generally satisfactory due to their lack of strength. 
The limit of practical use of cast iron is in caissons of about 5 feet in 
diameter. The cutting edge and the weights for sinking the single wall 
open caisson distinguish it from the cylindrical pier previously described. 
The single wall type is usually of small diameters and is used where the 
load to be carried is light but where considerable depth is necessary in 
order to obtain the proper bearing soil or to avoid scour. . The sinking is 
accomplished by dredging out inside of the caisson and loading the top. 
This loading of the top of the caisson is expensive due to the cost of re- 
moving and replacing the weights as each new section is added to the 
caisson. For, this reason it is customary in the large cylinders to use a 
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double wall so that part of the concrete for the foimdation can be placed 
while sinking the caisson, thus either greatly reducing or eliminating the 
temporary loading. The double wall type is more often used than the 
single wall t37pe due to this great advantage. 

1365. Open Caisson with Dredging Wells. — It has been found that 
with large open caissons it is advantageous to have more than one 
dredging well so that the sinking can be better controlled especially 



MS.1365A 

when the hardness of the stratum is not uniform over the site. When 
built with more th^ one wdl, the caisson is usually larger. This type of 
caisson is used in placing the deepest foimdations, the’e being no other 
method for depths of more than 110 feet. 

The dredging wells are usually placed so that each comer of the 
caisson has a well to aid in regulating the penetration at that point (Fig. 
1365A). The spaces between the wells form pockets which are filled 




338 


Civil Engineering. 


with concrete during the sinking, the completed structure resting on 
this filling as well as that placed in the dredging wells. 

1366. Advantages of the Open Caisson. — The coffer-dam and pneu- 
matic caisson methods of placing a foundation have two great advan- 
tages over the open caisson method: first, the work is more easily con- 
trolled; and, second, the foundation bed can be inspected before the 
masonry is placed. As has been stated, the usual limit of coffer-dam 
work is about 30 feet and it will be seen that the limit of the pneumatic 
caisson is about 110 feet while for greater depths the open caisson method 
is the only one available. It will often be cheaper however to use the 
open caisson instead of the pneumatic caisson for depths between 30 
and 110 feet due to the fact that the work being entirely above ground, 
the labor cost is lower. 

When the open caisson is used, it is customary to make it a little larger 
than necessary so as to provide against decreased effectiveness due to 
slight loss of control while sinking. The Poughkeepsie bridge piers were 
placed by this method, the largest caisson used being 60 X 100 feet. 
It rests on gravel 134 feet below high water. 

1367. The Pneumatic Caisson. — ^The pneumatic caisson might be 
described as two box caissons placed bottom to bottom; the lower box 
opening downward, is the working diamber, and is usually about 6 or 
8 feet high; the upper box, open at the top, is an actual box caisson. 
The pneumatic process consists in excluding the water from the lower 
box by means of compressed air. The workmen enter and leave the 
working chamber by doors in its roof which open into shafts running 
above the water level. Other shafts are used for lowering and removing 
materials and for the air pipes and electric wires. The shafts are of 
steel and about 4 feet in diameter; those for handling material may be 
smaller than those used by the workmen. 

1368. To prevent the escape of the compressed air and to guard the 
health of the workmen, air-tight vestibules or air-locks are provided in 
each shaft. The air-locks open both into the outer air and into the shaft 
and are arranged so that the air pressure in them can be regulated. As 
the doors open towards the interior of the caisson, they are kept closed 
by the air pressure whenever there is a difference of pressure on the two 
sides of the wall in which they are made. An air-lock may be con- 
structed at the top of the shaft, at the bottom, or at any intermediate 
position. The first is the best position for the workmen in case of acci- 
dent, but the locks must be moved as the caisson is built up. The 
second is the most convenient, but also the most dangerous. An inter- 
mediate position is sometimes used by making the shaft discontinuous; 
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the upper part contains the air-lock at its base, the lower part is tangent 
to the upper and overlaps it to the height of the lock. A section of the 
shaft itself may be converted into an air-lock by inserting horizontal 
air-tight doors, 

1369. Pressure in the air-lock is normal when the workmen enter from 
above, and is then gradually increased until it is equal to that in the 
working chamber below. In leaving the working chamber, it is neces- 
saiy to reduce the pressure in the air-lock veiy gradually to prevent the 
caisson disease called " bends.” Since the pressure has to be increased 
15 pounds for every 34| feet head of water and since state laws generally 
set 50 pounds as the maximum pressure allowable, it is seen that about 
110 feet is the limit for use of the pneumatic caisson. 

1370. The working chamber is surrounded by wedge-shaped walls 
carrying at their bottom the cutting edge. This edge is blunt, usually 



Tryical Pneumatic Caisson 

4 to 8 inches wide, and made of steel. It must be designed to have 
sufficient bearing and yet be narrow enough to penetrate. Either 
timber or steel or both may be used in construction of the caisson. If 
of timber, the roof consists of several layers of 12 X 12 inch timbers laid 
in dose contact and calked; if of steel, it is composed of trusses and 
gird^ connected by I-beams covered with plates. A movable coffer- 
dam (as previously described) may be placed on top of the caisson to 
increase its height as shown in Fig. 1370A. As soon as the masonry is 
completed above the water, the walls of the coffer-dam are removed. 
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1371. Sinking the Caisson. — The pneumatic caisson is partly con- 
structed on shore, launched, partially loaded with masonry, floated into 
position and anchored. It is lowered to the bottom in much the same 
manner as the crib and cylinder caissons are svmk by the well process. 
When it comes to rest, compressed air is forced into the chamber, and 
the workmen descend into it and begin to remove the material. When 
sufficient material has been removed they either leave the chamber or 
take refuge in the shaft while the air is allowed to escape gradually. 
The weight of the caisson then causes it to sink a few feet. If more 
weight is needed, concrete may be added to that already placed on the 
roof of the working chamber. The difficulty is usually, however, the 
reverse, that is, to prevent the caisson from sinking too rapidly. This 
can be regulated by carefully excavating under the partitions or piers 
of the working chamber. 

This process is continued until the caisson finally reaches the stratum 
upon which it is to rest. If this is gravel or approximately level rock, 
it is leveled with concrete and the chamber filled with concrete. The 
concrete is lowered through the small shafts. The lower doors of these 
shafts are closed and supported, and the material poured in; the upper 
doors are then closed, the pressure regulated, and the lower doors opened. 
Water is poured iato the tubes before and after the concrete to prevent 
the premature setting of the concrete due to the heat of the compressed 
air. 

1372. If the bed is an inclined stratum of rock, it may be blasted to 
a horizontal surface, blasted into steps, or if the inclination is not great, 
the foundation may be prevented from sliding by steel rods driven into 
the rock. The caisson is stopped as soon as one of its edges rests upon 
any part of the rock. 

1373. The soil may be removed by placing it in buckets which are 
hoisted up one of the shafts or it may be removed by a sand or mud pump. 
The latter may be operated by compressed air from the working chamber. 

1374. Advantages of the Pneumatic Caisson. — This method of plac- 
ing a foundation gives the most positive control possible. The sinking 
of the caisson can be regulated so that it is kept vertical. Obstructions, 
sudi as large boulders or logs, can be removed and the foundation bed 
can be inspected by the engineer in charge, thereby assuring its proper 
preparation. The concrete filling for the working chamber can be place}! 
in air, which results in stronger concrete than when it is placed in water. 
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FOUNDATIONS BELOW QUICKSAND. 

1375. None of the methods heretofore described is practicable when 
the bed of the foimdation lies below a thick stratum of quicksand or fine 
sand which runs easily. The Poetch method of overcoming this difficulty 
consists in substituting, for the wooden or masonry walls of the founda- 
tion shaft as heretofore described, walls of frozen quicksand. 

To. form the walls, a number of iron pipes, closed at the bottom, are 
sunk or driven through the quicksand to the desired depth. These 
pipes are placed at small and regular intervals along some polygon sur- 
rounding the site of the shaft. Smaller pipes, open at the bottom, are 
inserted in the first set, and both sets are coimected with a refrigaation 
apparatus so that the freezing mixture flows into the smaller and returns 
by the larger pipes. A cylinder of frozen soil is thus formed about each 
pipe, and in time these cylinders interlock and form a wall within which 
the shaft may be safely excavated. 

1376. Another method which has been utilized for overcoming the 
difficulties of working in quicksand is the forcing of cement grout into 
the sand by means of force-pumps. The cement in setting converts the 
sand into a solid mass. 

For more detailed information see: 

Foundations of Bridges and Buildings, Jacoby and Davis. 

Details of Masonry Structures and Foundations, Williams. 

Practical Treatise on Sub-Aqueous Foundations, Fowler. 

Engineering and Building Foundations, Fowler. 

A Practical Treatise on Foundations, Patton. 

PROBLEMS- 

P, 1301. A timber pile is driven with a drop hammer weighing 3000 poimds. The 
average penetration under the last three blows of the hammer with a fall of 12 feet was 
3 inches. What is the safe bearing value of the pile? 

P. 1302. The columns of a building are 18 feet center to center in both directions. 
The load on each column at the footing is 120 tons. The base of each column is 30 X 30 
inches. The borings show the earth on the building site to be: fill, 10 feet; river mud 
and silt, 12 feet; then ordinary day. The permanent water level is 11.5 feet down. If 
the columns are to be placed on pUe foundations, a minimum allowable penetration of 
the ordinary clay would be 7 feet. Allowable load on timber piles to be taken at 15 tons, 
on concrete piles at 30 tons. Wooden piles in place cost $0.75 per linear foot, concrete 
piles $2.60 per linear foot. It will cost $3.25 a cubic yard for excavation. Concrete 
masonry in place will cost $16.50 per cubic yard. Under these conditions, show by 
cost data which type of foundation you would use. 

P. 1303. Design a steel I-beam grillage for a steel column carrying 500,000 pounds 
with a base of 24" X 24". Use two tiers of I-beams. Soil is dry sand and day mixed. 

P. 1304. Determine whether it will be cheaper to put in a random rock foimdation 
or to use a coffer-dam and construct a concrete footing for a bridge pier. Depth of water 
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is 15'. Bottom is solid rock and level. Random rock takes a slope of 2 horizontal to 
1 vertical, and costs $4.00 per cubic yard in place. A double wall coffer-dam, 10' be- 
tween walls, costs $20.00 per linear foot measured along the center line of coffer-dam. 
A working space 3' wide is to be left between the walls of coffer-dam and the wall of pier 
footing. Concrete in the footing would cost $3.00 per cubic yard in place. The foot- 
ing, whether of rock or concrete, will be brought to the surface only and will be 12' X 12' 
at the surface. 

P. 1305. A box caisson's outside dimensions are 30' X 20'. It is of reinforced con- 
crete, walls and bottom 18" thick. Height of box is 25'. If reinforced concrete weighs 
200 pounds per cubic foot and the water at the site of pier is 20' deep, how much, if any, 
weight will have to be added to sink the caisson in place? 

P. 1306- Determine the cost of material for a double wall coffer-dam, inside dimen- 
sions 16' X 15', thickness of wall 12'. Concrete guide piles will be placed at intervals 
of 8' along both walls. United States sheet piling M105 will be used for the walls. 
The guide piles will be 40' long, the sheet piling 30' long. Cost of concrete pile is 30 
cents per linear foot; of sheet piles, 5 cents per pound; of clay puddling used for filling 
between walls, $3.00 per cubic yard. 

P. 1307. A pneumatic caisson is 30' in diameter at the base of the working chamber. 
The spoil is removed through the materials shaft in buckets, each of which holds 2 cubic 
feet. 20 buckets per minute can be handled. Assuming that all material is evacuated 
as soon as dug, how long will it take to lower the caisson one foot? 

P. 1308. The pressure in the air-lock of a pneumatic caisson is atmospheric at the 
time workmen enter it on their way to the working chamber. Assuming that work is 
being carried on at a depth of 110' and that it is safe to vary the pressure in the 
air-lock at the rate of 2 pounds per square inch per minute, how much time is lost by 
each workman in the air-lock in a day? 

P. 1309. The formula for safe load on a pile driven by a steam hammer is R" = • 

A timber pile is driven by a steam hammer weighing 2000 pounds with a fall of 6". 
The penetration in the last three blows was .1", .08", .06". What is the safe load on 
the pile? 

P. 1310. A hollow steel form 30' long is sunk into position for use as a pile after it 
has been filled with concrete. Assume that the external pressure throughout the 
length of the pile is water pressure and that the pile is filled with concrete weighing 
160 pounds per cubic foot. Diameter of pile 24". What must be thickness of steel 
wall? 

P. 1311. A concrete chimney, 126' high rests on firm day and is 48" in external 
diameter. Its thickness is 18". Concrete weighs 160 pounds per cubic foot. Design 
a grillage foundation of steel I-beams to support the chimney, 

P, 1312. A masonry pier 40' long and 15' wide supports a maximum dead and live 
load of 1,200,000 pounds. The base of the pier is 20' below the top. Determine the 
area of the spread foimdation so that the pier may rest safely on a bed of dry sand and 
day mixed. Masonry weighs 150 pounds per cubic foot. 

P. 1313. A box caisson of concrete is constructed on shore. Its dimensions are 
20' X 20' X 10' measured externally. Its height is 10', and thidmess is 18" through- 
out. It is to be launched by sliding it along a ramp of steel I-beams. The ramp con- 
sists of three parallel lines of single I-beams and no beam has an unsupported length of 
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more than 20'. The slope of the ramp is 30® with the horizontal. Determine the 
maximum bending moment on any one I-beam. Select the proper size I-beam to be 
used. 

P. 1314. A sand bin to hold 1400 cubic feet of sand is constructed of concrete, 12" 
thidc, reinforced with steel. The bin consists of a cylinder 15' high and 12' in diameter 
with a hemispherical bottom; the whole bin is supported so that its lowest point is 
10' from the ground on four concrete pillars. How long must the pillars be? What is 
the total pressure at the base of each pillar, assuming that concrete weighs 160 pounds 
per cubic foot, sand 100 pounds per cubic foot, and that the columns or pillars are 24" 
square? Design a plain concrete footing for one of these pillars to transmit the load to 
firm day sofl. 



CHAPTER XIV. 
METAL WORZ. 


1401. The greater portion of all metal used in engineering structures 
is the product of the rolling mills. Cast pieces are used when necessary, 
but rolled pieces, being cheaper and more satisfactory, are used whenever 
possible. 

The product of these mills is in forms which .can be produced by 
running the steel between rollers. The usual forms are plates, eye-bars, 
channels, angles, and I-beams. These are often combined and joined 
by rirets to form plate girders, box girders, columns, etc. 

RIVETS. 

1402. A rivet is a short cylinder of malleable metal, which is employed 
to fasten together the metal pieces in an engineering structure. The 



rivet comes from the shop with a head on one end (Fig. 1402A) ; the other 
end is enlarged in the field by hammering, after being placed in the rivet 
hole, so that it will not pull out. In Fig. 1402B the headless end is shown 
enlarged to a fi^ head, in Fig. 1402C to a countersunk head. The 
ordinary sizes of rivets vary from f" to li" in diameter by differences 
of i”; intermediate sizes are also made. The f", f" and rivets are 
the ones commonly used. 

1403. To make a riveted joint, holes are punched or drilled in the 
pieces to be fastened together; the rivets are then pushed through the 
holes and secured in place by upsetting the headless ends by successive 
blows of a hammer or by pressure. Rivets over in diameter must 
be heated to a red heat before using. The upsetting produces a second 
head, either hemi^herical or conical. The holes for rivets are usually 
pundied, as drilling is too expensive. In plates f " or less, the holes are 
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punched to full size; in thicker plates the holes are punched i" less than 
full size and then reamed to fxdl size to remove the metal immediately 
about the hole which may have been injured in punching.. 

In very important work the holes in thin plates are also reamed, and 
those in plates V’ or more are drilled. The diameter of the rivet hole is 
usually made greater than that of the rivet; but in computations 
the net diameter of the rivet hole is assumed as greater than the 
diameter of the rivet. 

If the holes have been carefully placed, they will be accurately opposite 
each other when the plates are superposed, and the rivets will easily go 
through. In careless work, all the holes do not fit accurately, and a 
conical steel pin, called a drift-pin, is often used to bring the holes in 
line; but this “drifting” is prohibited in all specifications for high-grade 
work, as it weakens the material. 

Riveted Joints. 

1404. The kinds of riveted joints are shown in Fig. 1404. A and B 
are lap-joints, C, D, and E, butt-joints. Fish-plates, or cover-plates, are 

A ‘ ~ ■ =* 
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additional pieces riveted to both pieces to strengthen the joint as 
explained later. 

A joint is single riveted when each piece is fastened by a single row of 
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rivets perpendicular to axis of piece (Figs. 1404A and B). It is double 
riveted when each piece is fastened by two rows of rivets (Figs. 1404C 
and D). It is chain riveted when it is fastened by more than two rows 
of rivets (Figs. 1404E,F, Gand H). Rivets are staggered when they are 
placed in quincunx order (Figs. 1404F, G and H). The pitch or spacing 
of rivets is the distance between centers of consecutive rivets. 

1405. Failure. — ^Riveted joints transmit either tension or compression, 
and are designed separately to carry each stress. A riveted tension joint 
(Fig. 1405A“A') may be ruptured in any one of the following ways: viz., 
failure by: 

a. Shearing of rivets, as shown in Fig. 1405B-B'; 

b. Tension on plates, as shown in Fig. 1405C-C' and D-D'; 

c. Bearing on plates, as shown in Fig. 1405E-E' and F-F'. 

1406. Shearing of Rivets . — ^Each rivet has a certain allowable strength 
against shearing; this is equal to its area of cross-section multiplied by 
the allowable unit shearing strength of the metal. A study of the joint 
will show how many rivets must be sheared, so as to cause failure by 
shearing. If there are two cover plates, each rivet must be sheared 
twice, called double shear, thus making the total area to be sheared twice 
that in case of single shear. 

In Fig. 1405B-B', it is seen that four rivets must be sheared, in double 
shear. Therefore, taking A as the area of each rivet and 4 as the number 
of rivets, we have for this case 

Allowable Strength in Shear = a, XAX2X4 

In the handbooks, tables show the shearing value of rivets of different 
sizes, and the strength of the joint can be easily determined. 

1407. Tension on Plates . — ^Each rivet hole is taken as larger in 
diameter than the rivet itself. Each of tbe rivet holes decreases the 
actual area in tension of the plates by the diameter of the hole times the 
thickness of the plate. A study of the joint will show how much net 
area of cross-section is taken from the plate, and by subtraction from 
the total cross-section it is possible to obtain the remaining available 
area. Multiplying this by the allowable unit tensile strength of the 
matoial, we obtain the tensile strength. In cases where there are two 
cover plates, each rivet takes out an area from each of the cover plates. 

In Fig. 1405C-C', the main plate itself is tom out, and as shown in 
the figure, its net cross-sectional area is decreased by the two rivet holes. 
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each of which causes a loss of area of (d + |") times the thickness of the 
plate. In Fig. 1405D-D', the two cover plates are tom, and as shown 
in the figure their net cross-sectional area is decreased by the two rivet 
holes, each of which causes a loss of area of (d -1- times twice the 
thickness of one cover plate. 

1408. Bearing on Plates . — If a plate is so thin that the rivets will 
tear through or crush or crumble it, the joint is said to fail by bearing 
on the plate. A study of the joint will show that an area equal to the 
thickness of the plate times the diameter of each rivet times the number 
of rivets must be tom out if the joint fails in bearing. Multipl 3 dng this 
by the allowable unit bearing strength of the material, we obtain the 
bearing strength of the joint. If there are two cover plates, each rivet 
tears or crushes a corresponding area in each of the cover plates. 

In Fig. 1405E-E', the joint fails by bearing of four rivets in the two 
cover plates. In Fig. 1405F-F', the joint fails by bearing of four rivets 
in the main plate. 

1409. Pitch and Size of Rivets . — In designing riveted joints, it is 
necessary to follow standard practice as regards the distance between 
centers and the size of the rivets. In the direction of the stress of com- 
pression members the distance between the centers of the rivets is not 
to exceed either 12", or sixteen times the thickness of the thinnest plate; 
in a direction perpendicular to the stress it is not to exceed twenty-four 
rimes the thickness of the thinnest plate. The minimum distance be- 
tween centers of rivets in any direction is three diameters of the rivets. 
The distance between the centers of the outside rivets and the edge of 
the plate is not less than 1§ diameters nor more than eight rimes the 
thickness of the plate. 

In handbooks, tables are given showing the sizes of rivets which 
should be used with different I-beams, channels, angles, and plates; also 
showing rivet spacing. The diameter of a rivet hole is never less than 
the thidmess of the thickest plate which is to be fastened to it; in thin 
plates it is at least one-third to one-half greater. 

1410. Riveted Compression Joints. — The only difference in design of 
a riveted compression joint as compared with one for tension lies in the 
fact that for compression no deduction is made for the rivet holes as is 
done for tension. In compression, the rivets are supposed to fill the 
holes completely and the whole cross-section of the plate is considered as 
taking compression. For bearing and shearing, there is no difference 
from the design of tension members. In ordinary riveted compression 
joints, the rivets themselves are designed to transmit the entire stress, 
and no allowance is made for the effect of the abutting surfaces in trans- 
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mitting it. This, however, is not the case in the joints of the compression 
chords of a bridge truss, as the surfaces in these joints are so accurately 
planed and fitted that the stress need not all be transmitted through the 
rivets. 

1411. Problem. — ^Let it be required to design a riveted tension butt joint of struc- 
tural steel which will safely transmit a tensile force of 70,000 pounds. Assume as = 
9000 pounds; ab = 14,000 pounds; at — 16,000 pounds; thickness of tension plate = 
(See Fig. 1411A.) 
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Fig. 1JI.11A 

Solution. — In a butt joint there are usually two cover-plates; therefore, it is so 
assumed in this joint. The size of the rivets is taken as f ", which is one-half greater 
than the thickness of the plates. 

Shearing . — The rivets are in double shear, and the handbooks give the double shear 
value of a rivet as 7950 pounds; therefore 9 rivets will be needed. 

Bearing . — ^The bearing value of a rivet in a plate is i X 4 X 14,000 pounds = 
5250 pounds. (Also found in tables in handbooks.) Therefore the number of rivets 
must be 14. In comparing bearing and double shear values in the handbooks, it is 
at once apparent that the complete calculation for shearing was unnecessary in this case. 

Tension. — As one square inch can transmit 16,000 pounds, there must be = 

4f square inches of metal to resist tension which, remembering that the plate is 4" 
thick, gives a width of 8f" for the plate. If we assiune the 14 rivets to be arranged 
four in each of the three inner rows, and two in the outside row, we first obtain the 
necessary width of the plate against tension in the row of two rivets. Each of these 
makes a gap in the plate of f + 4 = 4". Therefore the width of the plate must be 
+ 2 X 4 = 104". 

In the next row with 4 rivets there are two more gaps with loss of strength of 2 X 
4 X 4 X 16,000, but there are gains by two rivets that must be pulled out by bearing 
with a value of 2 X 5250 pounds, double shear being 2 X 7950 pounds. It is seen 
that this section is weaker than the one with two rivets. Its available tensile area 

must be = 3| sq. in. Therefore its width must be3iX24-4X4 = 

7 j 34 r= 11". It is necessary to determine if this width is sufficient for proper rivet 
spacing. Following the practice as given in paragraph 1409, the rivets in each row 
must be placed, at intervals of at least 2i" and an interval of 14 " must be left be- 
tween the outside rivet and the edge of the plate. As this spacing requires a plate 
only 9" wide, the mrin plates of 114 " are sufficiently wide. 

Thickness of Cover Plates . — ^The weakest section of the cover plates is seen to be 
through the rows of four rivets on either side of the center of the joint, where the cover 
plates are reduced by four rivet holes, leaving a net width of cover-plate of 11 — 4 X 
4 = 11 - 34 = 74". 
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The area of the cover plates must be 


70.000 

16.000 


4-8- square inches. 


Therefore, their combined thickness must be ^ = 0.58". 

Each plate should therefore be 0.30" thick. The nearest standard plate to this is 
thick. 

As the combined thickness of the two cover plates is more than the thickness of each 
tie, it is unnecessary to test the cover plates for bearing, as their bearing power for 
each rivet must be greater than the bearing value for either tie. 


PINS. 

1412. Pins are forged steel cylinders (Fig. 1412A) used to join to- 
gether two or more pieces of an engineering structure meeting at a 



Fig, 1412 
Pin 


common vertex. They have either a head and a nut or two nuts at 
their extremities. The standard sizes of pins vary in diameter from 1" 
to 12". 

Pin joints are not always used to join pieces of an engineering structure. 
Until recently pins were used in aU important steel structural joints, as 
in bridges; but it is now common practice to rivet together the pieces 
at these joints. 

1413. Eye-bars. — An eye-bar (Fig. 1413A) is a wrought-iron or steel 
bar of circular or rectangular section, having at one or both extremities 




Fi^, 1413 A. 

Eye-Bar 

an enlarged, flattened head, with a circular hole or eye to receive the pin. 
Eye-bars carry tensile stresses. The pin hole of the eye-bar is about 
larger than the diameter of the pin; and the sizes of the pin hole 
vary within limits to fit different pins. The form and thickness of the 
metal about the pin hole is so designed that the weakest cross-section in 
an eye-bar shall be in the straight portion of the bar; and in calculating 
the strength of standard eye-bars, it is necessary to consider only the 
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straight portion. Standard eye-bars vary in width from 2" to 16", and 
are made to fit pins varying in diameter from If" to 16". 

1414. Columns for pin joints are usxially made in the form of two 
channels laced together. They cany compressive stress. The pin hole 
is made through the webs of the channels, and sometimes also through a 
reinforcing plate. The metal about the pin hole is often reinforced by 
additional plates riveted on to prevent the pin from crushing into the 
web. The necessaiy thickness is calculated as in the bearing of rivets; 
and this bearing value for different sizes of pins may be taken directly 
from the handbooks. 

1415. Design of Pins. — ^Pins must be calculated for shearing, bending 
and bearing stresses, but one of the latter two will in most cases determine 
the size. When the size of pin has been determined from the bending 
stress, the thickness of the bars or web of the column should be investi- 
gated to see if there is sufficient bearing area, the bars being thickened 
or pin plates added if necessary. Therefore it is seen that the design 
of a pin consists in determining a pin of sufficient size to resist the bending 
stress, the shearing, the bearing in the eye-bars, and then reinforcing the 
columns as may be necessary so that they will be safe in bearing for the 
size of the pin already determined. 

1416. The design of a pin against bending consists in determining 
the various forces acting on the pin joint, calculating the marimum 
bending moment, and determining the proper pin to resist this. First, 
it is to be noticed, as shown in Fig. 1417B, that the forces do not all act 
in one plane; therefore, they are all resolved into components of two co- 
planar systems at right angles to each other, usually vertical and hori- 
zontal. Then if 

Mf = resultant momait at the section; 

Mji = moment at the section due to the horizontal components; 

Mf, = moment at the section due to the vertical components; 

Ss = resultant shear at the section; 

S/i = shear at the section due to the horizontal components;' 

S, = shear at the section due to the vertical components. 

At every section of the beam we shall have 

Mf = VM^FT^ (1416A) 

and . Ss = VS/ + S,* (1416B) 

The dangerous section of the pin will be where Mf is a maximum. 
The pin may be tested for shearing strength at the section where S, is 
a marimum, but this seldom governs. 
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The dangerous section of the pin may usually be seen by constructing 
and inspecting the curves of the bending moments for the vertical and 
horizontal components separately. The section of greatest shear may 
usually be seen by constructing and inspecting the lines of shear for the 
vertical and horizontal components separately. 

The bearing strength of the ties and struts which abut on the pin 
should always be tested, as they generally determine the size of the pin. 
Usually, pins are selected large enough for bearing in the eye-bars, as 
eye-bars are not reinforced ; but this is not done for bearing in the columns, 
as extra plates are easily put on the columns if necessary to increase the 
bearing value of the column. 

1417. Problenu — Assume five forces as shown in Fig. 1417A, around the pin-joint O. 
Assume the forces OB, OD, OE, and OF are each transmitted by two members; the 
pin-joint is thus composed of members as- shown in Pigs. 1417B and C. Test the joint 
for safety. 


SO, 000* 
E 



Fig. 1417 A 


Solution. — ^Resolve OF into components in the vertical and horizontal plane. Then 
solving each set of forces separately, we have the curves of bending moment and shear 
for the horizontal forces as shown in Fig. 1417D, and for the vertical forces as shown 
in Fig. 1417E. 

The maximum bending moment is at C and is 

M/f» = V^,3752 + 13,1252 = 65,936 inch pounds. 

The maximum shear is at any point between B and D and is 

Ssm - 45,000 pounds. 

The size of the pin to resist the above bending moment and shear may be taken from 
the handbooks. By calculation, using the formula a/ = for bending moment, and 
F 

Os ~ ;^^or shear, and assuming values of 20,000 pounds for a/ and 10,000 pounds for as, 
we obtain 

Diameter for bending moment - 3.06" 

Diameter for shear = 2.4" 
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Conrct of Vertical BendioK Moment and Shear 
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However, the bearing of the 3.06" pin is not sufficient. As seen in Figs. 1417A and C, 
the eye-bar OD transmitting 75,000 pounds requires the largest bearing area. It is 1" 
thick. Therefore assuming ab = 15,000 pounds, the diameter of the pin must be 5", 
which determines the size of the pin. This could have been taken directly from the 
handbook. 

The bearing of the column OE to transmit 15,000 pounds must be tested. Assuming 
ab - 15,000 pounds, the necessary thickness must be .2". But the web of the channel 
is .25"; therefore no reinforcing plate is needed. Nevertheless, it is usual to employ 
one, as shown in the figure where a J" reinforcing plate is used. 

1418. Arrangement. — In arranging the order of the pieces on a pin, 
it must be remembered that the smaller the maximum stress in any one 
of the pieces, the smaller will be the maximum shear and the maxiTnum 
bending moment; hence if the calculated pin diameter is too large, it 
may be decreased by substituting two or more bars for each of the single 
bars carrying the greatest stress or by placing positive and negative bars 
in alternation and by placing the bar with the greatest negative stress 
adjacent to the bar with the greatest positive stress. The single bar in 
the center is usually the tension-bar having the smallest stress. 

If the bars are separated by a considerable distance, washers are used 
between them; if no washers are used, an allowance of 3 ^" is made for 
space between bars. Also, the flanges of the channels may be removed 
in the vicinity of the pin, if necessary in order to decrease the lever arm 
of the pieces outside the channels and thereby decrease the maximum 
bending moment. In the flgure, the flanges have been left on, in order 
that the arrangement of the pieces may be clearly seen. 

I-BEAMS AND PLATE GIRDERS. 


I-beams. 

1419. I-beams (Fig. 1419A) are solid metal structural steel beams 
with cross-section of form of the letter I. The upper and lower hori- 


Fig. U19 A 
I-Beam 

zontal branches of the I are called the flanges; the vertical connecting 
part is called the web. They are produced in rolling mills; ap^ the 
commercial sizes are designated by depth in inches and weight in 
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per foot. Thus, I-beams are designated as 20" 90 pound, 20" 81.4 pound, 
18" 60 pound, etc. The dimensions of web and flanges for a certain 
depth vaiy with the weight. 


1420. The allowable load which may be placed on an I-beam may be 
determined by the formula in equation 263A 


af = 


MfV 

I 


(263A) 


Substituting Afi for I and ^ for y, we have 

«/ = ^ (1420A) 


The value of Mj can be determined from the loading of the beam and its 
length; the values of A, D, and r are given in the handbooks. It is to be 
noted that r is the radius of gyration about the neutral axis perpendicular 
to the web, as this is the r which affects the carrying power of the beam. 


1421. Problem. — ^What weight may be safely distributed uniformly along an 8" 
18.4 pound I-beam, 14' long, ii a/ - 15,000 pounds? 

Solution. — ^Using the formula, a/ ~ 

we have, a/ = 15,000 pounds 




(wV) (1) _ (wT) (T) _ ^ 
2 2 2 4 "■ 8 


I^' = ?X14X12 


- 8 

A = 5.34 
r = 3.26 


Substituting, we have 


Solving, we obtain 


^ X 14 X 12 X 8 
“ 2 X 5.34 X 3X6 X 3.26 

W = 10,134 pounds, 


wMch includes the weight of the beam, 18.4 X 14 = 257.6 pounds. 
Deducting weight of beam W = 10,134 — 267.6 = 9876.4 pounds. 


Plate Girders. 

1422. Plate girders (Fig. 1422A) are beams made of structural steel 
plates and angles, so riveted together that the resulting cross-section has 
the fonn of the letter I. The web is a metal plate with tb iclmess usually 
from I" to I"; and with depth varying from one-eighth to one-twelfth 
the span in heavily loaded girders, and from one-twelfth to one-twentieth 
the ^an in light ones. 

Eaii flange consists of two an^es riveted to the upper and lower edges 
of the web as shovm. The area of each flange may be increased by one 
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or more flange plates riveted to the horizontal legs of the angles. The 
flange plates are in contact with the angles only and not with the edges 
of the web, which are always kept inside the faces of the horizontal legs 
of the angles. 



Fig. 142£ A 
Plate Girder 


At the supports and at points where the girder receives concentrated 
loads the web is strengthened against shear and buckling by stiffeners, 
which are angles or tees riveted in pairs, one on each side of the web, as 
shown by F in Fig. 1422A. 

1423. The stresses in a plate girder are detennined by one of the two 
following methods: 

a. The girder is treated as a solid beam in the same way as an I-beam; 
that is, the longitudinal stresses are assumed to vary from the neutral 
axis to the surface, and the vertical shear to be uniformly distributed over 
the entire surface of the cross-section. 

b. The flanges of the girders are considered as resisting the longi- 
tudinal stresses without the assistance of the web, and the web is con- 
sidered as resisting the vertical shear without the assistance of the 
flanges. This method gives the greatest factor of safety and is the one 
usually employed. 


The first method cannot well be employed in designing girders, as 
practically every dimension must be assumed and the whole must be 
calculated to see if the design will be satisfactory; but the method may 
easily be employed in determining the load which may be placed on a 
girder. 

We use equation 263A: 


a/ = 


Myy 

I 


or 


af = 


MfD 

2Ar^ 


and make the proper substitutions. 
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’’n the second method the only important assumption necessary is 
.j depth of the web. Calculations are then made to determine the 
3 ef flanges, and the thickness of the web. The depth of the web is 
,ie.c;ca ”7 the depth of the girder; and good practice places it at | to - 2 V 
. .0 span. In some cases, the position is such that the above limits are 

■=Tllr= 

neutral axis 


=fl[L= 

Fig I4BS A 


not possible; and the depth must be taken at a certain dimension, in 
which case the method of design is simplified but the girder is not the 
most economical possible. 


1424. Design of Flanges to Resist All the Longitudinal Stresses. — 
For design of flanges, the girder may be considered as shown in Fig. 
1423A. We assume that the stresses are distributed uniformly over the 
area of the flanges, and that the center of stress is at the center of gravity 
of each flange. It is evident that the stress on any fiber increases with 
the distance of the fiber from the neutral axis; but in this case all fibers 
are weU distant from the neutral axis, therefore the above assumption of 
equal stresses in all fibers is nearly correct. 

With the above assumption, we use equation 263A in the form given 
in equation 1420A, 


a/ = 


Mfl) 
2 Ar2 


(1424A) 


in which. 


D = distance between centers of gravity of flanges; 

A = net area of cross-section of the two flanges; 
r = radius of g 3 nation of flange about neutral axis. 


taken as equal to 




and may be 


Substituting, we have 


MfD 

«/=— 

2A^ 



(14246) 


1425. With this formula, we can determine the area of either flange, ^ > 
at any section when we know the values of U/, I), and ilf). The value of Of 
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is obtained from standard practice, Mj is determined by calculations 
for bending moment of the beam being designed, and D must be assumed. 
Since in the largest angle used in making plate girders, the distance from 
its back to the center of gravity is only 2.41" while the web may be 
4' or even more, it is seen that it will be sufficiently close for trid to 
assume d as from 0" to 4" less than the depth of the web. Equation 

1424B can then be solved for -g-, the angles selected, and the exact value 

of d then determined. 

A 

1426. It is to be noted that is the true net area of the flange; there- 
fore, in selecting angles, the area in the handbooks must be sxifficient to 
give this net area of -g- after deducting for the rivet holes in any cross- 

section. These rivet holes are for the rivets of flange to web, rivets 
of flange to flange plate if there is a flange plate, and rivets of 
stiffener to flange if there is a stiffener. If these rivet holes are not in 
the same plane, they are nevertheless so considered xmless the oblique 
plane through them has a net area 30 per cent greater than the net area 
of the vertical section. 

With a compression-flange, the gross area is made eqxial to that of 
the tension flange, although this is not really essential if the rivets fuUy 
fill their holes. 

1427. Design of Web to Resist AH the Vertical Shear. — The web of 
a plate girder is made up of one vertical plate or two or more side by 
side. If the girder is of great length, the web has a length of two or more 
plates, spliced end to end. 

The shear is received by the flanges and transmitted to the web plates 
by means of stiffeners riveted to the flanges and to the web plates. 

1428. The web must be strong enough to prevent failure by: 

а. Shearing. — ^This is obviated by use of the shearing formula 

F 

a. - 3- 

^d substituting for A, its value X) x t, of which D has been assumed and 
is required. The vffiue of D must be net depth after deducting for 
rivet holes by which the shear is transmitted to the web. 

б. Bearing. — This is the same as already discussed imder rivets. 
The number of the rivets in the stiffeners is known, and we can calculate 
the value of t of the web necessary to take by bearing (and double shear) 
the shearing force on the girder. 
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c. Buckling. — ^The stiffeners prevent buckling. They are small 
angles or tees placed in pairs on opposite sides of the web and riveted 
to the web and to each other. They are spaced gaaerally not farther 
apart than the depth of the web plate, with a maximum limit of 5 feet. 
To determine the need of stiffeners, the web is considered as a colmim at 
points of support and wherever loads are concentrated. Stiffeners 
having been determined as necessary, their area of cross-section is like- 
wise determined by considering a pair of stiffeners plus the web as one 
column. The formulas in use are empirical and based on experiment. 

1429. Box Girders. — Box girders are composed of two or more rolled 
I-beams or plate girders placed side by side and connected by flange- 
plates which extend over and imder all the beams or girders. They are 
employed when great strength is required. 

1430. Problem. — ^Let it be required to design, with the aid of a handbook, a steel 
plate girder, 30' long between supports which is to carry a load of 2000 pounds per linear 
foot including the weight of the girder. Assume the depth of the web to equal ^ of 
the span and the allowable unit bearing stress to be 12,000 pounds, the rivets in single 
shear to be 6000 pounds and in double shear to be 12,000 pounds, unit flange stress to 
he 13,000 pounds, rivets to be f ", and rivet holes to be f". 

Solution. — a. Design of Flanges, Using equation 1424B, we have 

Of (1424B) 

Aj 

in which aj = 13,000 

12 

Mf = 2000 X 30 X 30 X -g- = 2,700,000 inch pounds 
D — 23,5" (taken as a little less. than the girder depth of 2'). 

Substituting and solving, We obtain 

A 

A = 17.68 square inches, or = 8.84 square inches. 


Try two angles 5" X 3" X . 
one flange-plate 12" X A" 


5.72 square inches gross area 
5.25 square inches gross area 


Total 10.97 square inches gross area 

Deduct two i" rivet holes connecting fliange-plate and 

angles 2" X I" X (f -h A") 1.42 

Deduct one J" rivet hole connecting web 

plate and angles 1" X f" X 66 2.08 


Net area 8.89 square inches, 

which is sufladent,* 


5. Design of Web, For shearing, the web must have a 

Net area =* = 2.5 square mches. 

* The flanges are not necessary near the ends of the plate girder, as the Mf is there 
so small that the area of the angles is suflSdent. The discussion is omitted in this text. 
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For bearing, the web must have a thickness such that 

Thickness X f X 12,000 X number of rivets = or > 30,000. 

Assuming thickness to be which is suitable for a girder of this size, we find 

Number of rivets = 9. 

Testing to see if the net area of the web is still sufficient to resist shear after deducting 
the area of nine rivet holes, we find it to be sufficient. Testing to see if the nine rivets 
will fail by double shear before transmitting the 30,000 pounds, we find that they will 
not so fail. 

Tests of the stiffeners and of the web itself as a column are omitted. 

The girder (exclusive of the stiffeners and rivets) will then be made up as follows: 


Four angles 5" X 3" X t" X 30' 1176.0 pounds 

One web X 24" X 30' 918.0 “ 

Two flange plates X 12" X 30' 1071.0 " 

Total 3165.0 pounds 


The weight of the girder is therefore about 5 per cent of the applied load. 

For more detailed information see: 

Design of Plate Girders, Moore. 

Notes on Plate Girder Design, Hudson. 

Structural Members and Connections, Hool and Kinne. 

Structural Engineer's Handbook, Ketchum. 

PROBLEMS. 

P. 1401. Test by the first method the plate girder of paragraph 1430 to determine 
if safe. 

P. 1402. Two plates are riveted together in a lap joint. How many f " rivets are 
necessary to insure safety against shearing when the total stress to be transmitted is 

50.000 pounds? as = 6,000 pounds. 

P. 1403. Two i" plates are riveted together in a lap joint with rivets. How many 
rivets are needed to insure safety in bearing, if the total stress transmitted is 60,000 
pounds? Allowable unit stress in bearing is 12,000 pounds per square inch. 

P. 1404. Two plates, X 12", are joined by a single covered butt joint; in each 
plate there are fifteen f" rivets arranged in four parallel rows; four in the first three 
rows from the center of the joint, and three in the last row. What is the maximum 
tensile force that can be safely transmitted through the joint? The cover plate is 
thick. Allowable unit stresses: shear, 6000; bearing, 12000; tension, 16000. 

P. 1405. Two plates, 6" X riveted together by a double covered butt joint, 

with six I" rivets on each side. The cover plates are each i" thick. Beginning at the 
center of the joint, three rows on each side contain 3, 2, and 1 rivets respectively. How 
will the joint become xmsaf e and at what tensile stress? Allowable unit stresses : shear, 
8000; bearing, 14,000; tension, 16,000. 

P. 1406. Two plates, 10" X i", are spliced by a double covered butt joint using 
18 rivets, in rows, beginning at the center of the joint, containing respectively 3, 3, 2, 
and 1 on each side. The cover plates are each 3^" thick. How much will the joint 
safely transmit? 

P. 1407. The upper chord of a Warren truss bridge carries a compressive stress of 

200.000 pounds in one of its panel lengths. The member is composed of two 15" 35 
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pounds channels double latticed together with their flanges inside. Design a riveted 
connection for a splice in this member. 

P. 1408. A floor beam is connected to a plate girder by 2 angles 6X6X1 each of 
which is 36'^ long. These angles transmit a total stress of 200,000 pounds to the girder. 
If possible design a connection that will be safe. Illustrate your design with a sketch 
showing rivet sizes used, the pitch and number used. 

P. 1409. Find the safe tensile stress that may be put on two steel eye-bars 6" X li", 
on 5" pins 22 feet apart. 

P. 1410. Fig. P. 1410 represents a pin in a pin-connected joint. 

(а) Determine the maximum shear in the pin and the section at which it occurs. 

(б) Determine the diameter of the smallest steel pin that will be safe against shear 
alone. 

(c) Determine the maximum bending moment in the pin and the section at which it 
occurs. 

(d) Assuming an allowable fiber stress of 18,000 pounds per square inch, determine 
the diameter of the smallest steel pin that will withstand the bending moment. 
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P. 1411. A steel pin is supported by the web of two 7" 12.25 pound channels spaced 
4" back to back. At the middle of the pin is a 5" X 1" eye-bar carrying 75,000 pounds 
tension, a/ = 150C0; aj = 12000. 

(а) Choose a pin which will be safe for bending. 

(б) Test this pin for bearing of the eye-bar. If not safe, choose a larger pin. 

(c) Reinforce channel webs if necessary. 

P. 1412. In Figs. P. 1412A and B, the forces A and B are each transmitted to the steel 
pin by two steel eye-bars; the eye-bars are 5" X 1". The force C is transmitted by 
two steel plates, a/ = 15000; = 12000. 

(ct) Determine the maximum shear and maximum bending moment in the pin. 

(6) Choose the smallest pin that will carry these stresses safely. 

(c) Test this pin for bearing of the eye-bars. If not large enough, choose a larger pin. 

(d) Determine the necessary thickness of the plates to carry the force C. 



Fig. P 14IBA 





P. 1413. Fig, P. 1413A is the vertical projection of a pin A acted upon by the forces 
AjB, AQ and AD. Fig. P. 1413B is the horizontal projection of the same system show- 
ing the force AD' equally divided between twaesrerbaia,, A,'Z2' andA'i?", and thp force. 
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AB equally divided between the two eye-bars AB’ and AB" and the force AC equally 
divided between the two channels C and Center lines only of channels, eye-bars 
and pins are shown. The force CA = 110,000 pounds. 

What is — 


(a) Maximum horizontal shear? 

(h) Maximum vertical shear? 

(c) Maximum resultant shear? 

(d) Maximum horizontal bending moment? 

(e) Maximum vertical bending moment? 

(/) Maximum resultant bending moment? 

ig) What must be the diameter of the pin for safety in (1) bending moment, a/ — 
15,000; (2) in shear, as = 12,000? 

ih) With the larger pin found in (g), does the web of the channel in the column need 
reinforcing? Thickness of web = 0.24". 



Fig. P I 4 ISA 
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P. 1414. A steel bridge pin, 17 inches long, has horizontal forces, or components, 
of —10,000, +20,000, —30,000 and +20,000 pounds applied to it at distances of 4 
inches, 6 inches, 7 inches and 8 inches respectively on each side of the middle point, 
and vertical forces of components of 10,000 pounds and —10,000 pounds, at distances of 
4 inches and 5 inches respectively on each side of the middle point. The eye-bars that 
carry the forces of 14,142, 20,000 and 30,000 pounds are each one inch thick; two of 
the 10,000 pound vertical forces are carried on channels which have web thidmesses of 
I". Design the pin to safely meet the conditions given. 

P. 1415. A beam of 16 feet span, supported at the ends, is to be built of boards. 
1" X 12" X 16' placed horizontally, and is to be subjected to a concentrated load at, 
its middle point of 10,000 pounds. (Neglect weight of beam.) 

(а) If the planks are to be firmly spiked together, how many planks must be used? 

(Jb) If the planks are to be superimposed without being spiked, how many planks. 

must be used? 

P. 1416. (a) What is the lightest standard I-beam that will safely carry 15,000 pounds 
uniformly distributed over a span of ten feet? a/ = 16,000 pounds. 

(б) Will the deflection be greater or less than ^ of the span? 

(c) What is the section modulus of this I-beam? 

P. 1417. A steel I-beam, 20 feet long, is to be fixed at the ends and to support a 
uniformly distributed load of 500 poimds per linear foot, exdxisive of weight of beam. 
Select the beam, (a) When a/ — 16,000 pounds. (5) When a/ = 12,500 pounds. 

P. 1418- By use of Handbook, select a steel I-beam which, when placed on end supports 
16 feet apart, will safely bear a concentrated load of 25,000 pounds at center, exclusive 
of weight of beam, (a) When a/ = 16,000 pounds. (6) When Of — 12,000 pounds. 
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P, 1419. An I-beam projects horizontally 10 feet from the wall and acts as a canti- 
lever. The load, exclusive of the weight of the beam,' is 100 pounds per linear foot 
uniformly distributed. Select the beam which will be safe, a/ = 16,000 pounds. 

P. 1420. A plate girder 43 feet long, is made up as follows: web plate 36" X f", 
flange angles 6" X 6" X flange plates 14" X 5"* How much uniformly distributed 
load will it bear exclusive of its own weight? 

P. 1421. A plate girder 50 feet long is made up as follows: web plate 48" X f", 
flange angles 6" X 6" X I". How much uniformly distributed load will it bear ex- 
clusive of its own weight? 

P. 1422. A riveted beam girder 30 feet long is made up of one 20 inch 65.4 pound 
I-beam, with two cover plates 10" X |". 

(a) What safe uniformly distributed load will it bear exclusive of its own weight? 

(b) Should a plastered ceiling be put on this girder? 

P. 1423. A built-up girder, 60 feet long, resting on end supports, is made up of the 
following pieces; web plate 5 feet deep by thick; two 6" X 6" X I" angles in each 
flange; one 14" X i" flange plate in each flange. There is a clearance of -J" between 
the web plate and the flange plate; the area of each flange is weakened by one web and 
two flange rivet holes; all rivets are f", the rivet holes being 3i" from center of holes 
to backs of angles. 

(а) Find the true value of the effective depth. 

(б) By the second method of solution (in which the flanges are assumed to bear the 
longitudinal stress and the web to bear the vertical shear), find the total uniformly dis- 
tributed load that the girder will safely bear. 

P. 1424. A built-up girder is 45 feet long and is made up of the following parts: the 
web plate is 42" X A"; each flange consists of two 6" X 4" X I" angles (the short 
leg next to the web plate) ; and a flange plate 13' X i". There is a clearance of }" 
between the web plate and the flange plate. In addition there is a second flange or 
cover plate 13" X covering the central 24 feet of the flange. The angles are fastened 
to the web and flange plates by f" rivets. The centers of all rivets are 2 from the back 
of the angles. The flange area is weakened by one web and two flange rivet holes (one 
flange rivet on each side of the web). Unit stress in shear = 10,000 pounds; unit 
stress in flexure = 15,000 pounds; unit stress in bearing = 20,000 pounds. 

(а) Find the value of the effective depth at end of girder. 

(б) Assume the effective depth 41.7 inches. For what total uniformly distributed 
load is the flange section 10 feet from the end safe? 

(c) Assume the effective depth 42.0 inches. For what total uniformly distributed 
load is center flange section safe? 

P. 1425. Design a plate girder with specifications as follows: — span 20 feet; uniform 
load 4000 pounds per linear foot; depth of web -j^jyth of span; thickness of web | inch. 
Allowable stress per square inch in simple shear = 12,000 pounds; allowable single 
rivet shear per square inch = 6000 pounds; allowable bearing rivet value per square 
inch = 12,000 pounds; allowable flange stress per square inch = 13,000 pounds. 

(aj Determine maximum bending moment and maximum shear. 
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(6) Assume trial effective depth to be 23.5 inches and find trial flange area. 

(c) Assume two angles 31" X 3" X ¥' and one flange plate 10" X I" and determine 
net flange area and true value of effective depth, using {” rivets. Assume clearance of 
I" between web plate and flange plate and centers of rivets If" from back of angles 
(short leg of angle next to web). Are these results satisfactory? 

P. 1426. A built-up girder is made of the following parts: — the web plate is 36" X f"; 
each flange consists of two 6" X 6" X ¥' angles and a flange plate 14" x ¥' in cross- 
section. There is a clearance of between the web plate and the flange plate. The 
angles are fastened to the web plate and the flange plate by rivets. The centers of 
all rivets are 3" from the back of the angles. The flange area is weakened by one web 
and two flange rivet holes (one flange rivet on each side of web). Find the true value 
of the effective depth. 



PART IV. 


ENGINEERING STRUCTURES. 

The general plan of a structure having been determined, the design of 
safe component parts, and thus of the entire structure, is simply a matter 
of calculation in accordance with the principles of the Mechanics of 
Engineering, taking into consideration the strength of building materials. 
However, the requirements of economy make it necessary to decrease 
the cost by lowering the factor of safety to a degree that would not be 
considered if money were no object. Therefore, although the theory of 
design of any engineering structure is mathematical, yet the final design 
and erection of the structure is not so simple. Safety and economy are 
often directly opposed; and sometimes economy wins too much, with 
resultant weakness and ultimate disaster. 

This opposition does not cease after the design of the structure; in- 
ferior material and poor workmanship also reduce the expense and in- 
crease chances of disaster. However, economy must.be considered; 
and the engineer in design and construction, while following the principles 
of Mechanics of Engineering and also requiring good material and work- 
manship, will use the least factor of safety which good practice has shown 
to be entirely safe in structures similar to the one being designed. 



CHAPTER XV. 


BUILDINGS. 

1501. Buildings are generally arranged in classes by building laws 
and codes, the primary purpose of which laws and codes is to protect the 
lives and property of the inhabitants of the localities in which they are 
effective. The greatest menace to life and property is fire, the losses 
from which include not only the destruction or damage of the building 
and its contents, but also loss of life, and loss or disoi^anization of busi- 
ness until new buildings can be made ready. Fire losses in the United 
States amount yearly to more than a quarter of a billion dollars, and in 
addition a large amount is expended for fire prevention, fire depart- 
ments, etc. The total yearly cost of fires in this country equals one half 
the cost of a year’s new building construction. 

1502. The City of Boston classification of buildings is as follows: 

First-class buildings, to consist of fireproof material throughout, with 

floors constructed of iron, steel, or reinforced concrete beams, filled in 
between with terra cotta or other masonry arches or with concrete or 
reinforced concrete slabs; wood may be used only for under and upper 
floors, window and door frames, sashes, doors, interior finish, hand- 
rails for stairs, necessary sleepers bedded in the cement, and for isolated 
furrings bedded in mortar. There shall be no air space between the top 
of any floor arches and the floor boarding. 

Second-class buildings, to comprise all buildings not of the first class, 
the external and party walls of which are of brick, stone, iron, steel, 
concrete, reinforced concrete, concrete blocks, or other equally substan- 
tial and fireproof material. 

Third-class buildings, to comprise wooden frame buildings. 

Composite buildings, to consist partly of second-class and partly of 
third-class construction; they may be built under the same restrictions 
as third-class buildings and need only comply with their requirements 
as to fire protection and exterior finish. 

1503. The National Board of Fire Underwriters recommends the 
following classification: 

a. Fireproof construction, comprising buildinp of masonry, steel or 
reinforced concrete construction, built in accordance with approved 
methods hereinafter discussed. 
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b. Non-fireproof constrnction, comprising all buildings or stractures 
having exterior masonry walls, with floors and other interior construction 
wholly or partly of wood. They are classified as: 

(1) Ordinary construction: buildings having masonry walls, with 
floors and partitions of wooden joist and stud construction. The sup- 
porting posts and girders may be of wood, or of metal protected by an 
approved form of fire-resisting material. 

(2) Slow-burning construction: buildings having heavy timber con- 
struction, with all hollow spaces and light timber construction within 
the walls or floors eliminated, and with masonry exterior walls. 

c. Frame construction, comprising buildings having exterior walls or 
portions thereof of wood; also buildings with wooden framework ve- 
neered with brick, stone, terra cotta, or concrete, or covered with plaster, 
stucco, or sheet metal. 

1604. Comparison of these two classifications shows that they are 
practically the same, and that fire resistance is the basis of classification 
either from the standpoint of the city in protecting the life and property 
of its inhabitants, or from an insurance standpoint alone. 

Of recent years, consideration has been given to resistance against 
earthquakes. No great progress has been made. Experience indicates 
that buildings of steel frame construction offer greatest resistance to 
damage by earthquakes. 

1505. Buildings are further classified, according to their occupancy 
or use, as public buildings, residential buildings, and business buildings, 
each of which is sub-divided into other classes which together specifically 
include aU types of buildings which may legally be erected in any 
community. The purpose of this classification and sub-classification is 
to prescribe definitely and expressly the minimum requirements which 
ea^ different type of building must meet. Thus, minimum limits are 
placed on depth of foundation, thickness of walls, heights, areas, allow- 
able floor loads, etc. 

FIRE-RESISTING MATERIALS. 

1506. In the previous discussion of the Materials of Construction, 
they were considered principally with respect to their strength, dura- 
bility, and ease of worldng. When any of these materials are considered 
for buildings, special consideration must also be given to their fire-resist- 
ing qualities. 

1507. In so-called "fireproof” construction, none of the materials 
is actually fireproof. Materials of every land will be rendered useless if 
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subjected to heat of great intensity for sufficient time. Furthermore, 
there are no entirely satisfactory fireproofing chemical preparations. 
Those on the market in the form of paints have limits of fire resistance, 
and have the added disadvantage of being composed of chemicals which 
often give ofif asphyxiating gases during a fire and are therefore dangerous. 
Fireproof construction resolves itself thra-efore into the selection of the 
most effective materials and the use of them in such a way as to best 
resist the effect of fire and the effect of water applied after the material 
has been subjected to intense heat. 

1508. The principal materials used in fireproof buildings are steel, 
cast iron, brick, stone, gypsrun blocks, hollow tile, and concrete. The 
most important advantages and disadvantages of these materials are 
given below. 

Steel. — The principal disadvantage of steel is its inability to withstand 
high temperatures. At 600° F. it begins to lose its strength, at 1100° F. 
it will fail entirely. In fires, temperatures as high as 2500° F. have been 
reached; hence, steel if exposed will collapse and the building will be 
worthless. 

However, steel is strong, is not very expensive, is available in standard 
shapes, and has therefore become practically indispensable in building 
construction. For protection against fire it is completely covered with 
concrete, 1|" to 3" usually, though this thickness is not enough to resist 
large fires. 

Cast iron is not afifected by fire as readily as steel, but it is very weak 
in tensile strength; in fact, it cannot be considered as taking any tension 
at all. It will not stand shock; and often it has defects of manufacture, 
such as blow-holes and imequal thicknesses of the metal in hollow columns 
due to shifting of the core during manufacture. It is often used in thick 
castings, whidi will not rust through and need not be painted. It is very 
largely used in ornamental shapes, columns, panels, etc. 

The advantages of cast iron as compared with steel are very few; it 
is slightly cheaper, and has a higher compressive strength, but its many 
defects require a higher factor of safety, which practically offsets the 
advantages. 

Brick is strong, inexpensive, and has good fire-resistant qualities; it 
is a poor conductor of heat, and has many joints to take up expansion 
and contraction. Its principal disadvantages are that it allows moisture 
and sound to pass through the wall, and is very heavy. In fiires, the 
brick next to the fire expand and may cause ruinous waiping, but as it 
is a poor conductor, the interior is not overheated. Brick is one of the 
best fire-resisting materials available; but its excessive weight, com- 
pared to other materials of the same class, prevents its being so exten- 
sively used for this purpose alone. 
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Stone. — Stone is widely distributed and is consequently generally 
available as a building material. However, it is expensive. As a fire- 
resisting material, it is very poor. Trap rock will stand high tempera- 
tures; but it is so hard that the cost of working it is excessive and as a 
building material it is practically limited to concrete aggregate. Granite 
will not resist fire; when hot it cracks, especially if a stream of water is 
turned on it. Nor will limestone resist fire; some building codes will 
not allow the use of limestone a^egate in concrete for fireproof building 
construction. Sandstone stands next to trap rock in its fire-resisting 
qualities, but this quality is not sufficient to warrant its use as a protec- 
tive material. Marble (a limestone) is the poorest of all stones, except 
in appearance; it is the most expensive, the weakest, the poorest material 
for wear, and it crumbles to dust when burned. Stone, therefore, while 
it can stand great compressive forces and is very satisfactory for archi- 
tectural effect, is little used in fireproof building construction except as 
a veneer or facing for the purpose of architectural embellishment. 

Gypsum Blocks. — These consist of plaster of Paris mixed with straw 
or wood fiber and cast into blocks. Their principal disadvantages are 
their weakness and friability, because of which they are not used where 
strength is required. They are very light, and can be bored and cut to 
shape. Their coeflficient of expansion is practically zero and they are 
good non-conductors of heat and soirnd. These qualities make them 
desirable in the construction of partitions and they are much used in this 
capacity. Because of their lightness, they are cast in large blocks, thus 
making construction rapid with little labor. They crack off on the out- 
side but may be plastered up again. 

Hollow Tile. — ^This is a most common material for fireproofing. It 
is made of clay pressed and burned at a high temperature. It is avail- 
able in three grades, dense, semi-porous, and porous. The dense tile 
consists of hard-burned day. It is strong and resists moisture; but is 
heavy, brittle, and likely to have cracks developed in its manufacture. 

Porous tile is an excellent fire-resisting material. It stands fire better 
than the dense tile, is lighter, is a good non-conductor of heat, anrl 
stands a large amount of expansion. Where strength is needed, however, 
porous tile cannot be used. Semi-porous tile is the grade most com- 
monly used. Its qualities are halfway between those of porous and dense 
tile. 

Hollow tile is also called structural terra cotta; it should not be con- 
fused with ardiitectural terra cotta which is principally a decorative 
medium, is very weak, and is not designed to cany any load. 

Concrete. — Concrete is very widely used as a building naaterial. T.iTta 
brick, it is a poor conductor of heat; but also, like brick, the portion next 
to the fire expands and may cause failure by warping. As a fire-resisting 
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material, cinder concrete is most used. It is weak but light, and there- 
fore meets such uses as require lightness but not much strength. It is 
used in floors and as a protection to steel columns. At least Ij" of 
concrete covering is required for resistance to even small fires. 


FOUNDATIONS OF BUILDINGS. 

Loads. 

1609. The loads to be considered in the design of foundations of a 
building are: 

a. The dead loads, or loads due to the actual weight of the completed 
structure, ready for occupancy. 

b. The live loads, or loads due to the occupancy of the building and 
also to the weight of snow on the roof. 

c. The wind loads, or the normal components of stresses on the struc- 
ture produced by wind pressure. 

1510. The dead load is simply the weight of the building. It can be 
accmately calculated by detennining the weight of each element of the 
building and adding all these weights together. The portion of the dead 
load, and hence the weight, supported by each element of the foundation 
can be definitely determined, and each element can then be properly and 
accurately designed. 

1511. The live load cannot be accurately determined; it is therefore 
assumed, and the elements of the building are then designed. Assump- 
tions for the live load are made for each portion of the building, such as 
floors, lofts, roofs, as is explained later when each is discussed. The 
assumptions for each portion of the building must be sufficiently high, 
so that each wiU be designed to carry the maximum live load that may 
ever be placed on that portion. The sum of these partial live loads gives 
the maximum load that the building wiU ever carry; but in practice the 
total load on the foundation is never taken as the sum of the maximum 
loads on each portion of the building, as it is evident that aU of these 
maximum loads will not occur at the same time. 

1512. The wind load is generally calculated on the assumption that 
the wind will exert a uniform pressure, some 30 pounds per square foot, 
on the entire external area of one side of the building. This assumption 
will be modified in cases where deduction can be made for the protecting 
influence of adjoining buildings. 

In designing a tall building to resist wind load, the building may be 
assumed to be a cantilever beam, set up verticaUy, with the point of 
support at the ground and with the wind load horizontal and normal to 
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the axis of the cantilever, which in this case is vertical. If the building 
is composed of a steel framework which carries all stresses, the cantilever 
becomes a truss, with as man y points of support or attachments to the 
abutment as there are footings of the building, and with the wind load 
changed from a uniform load to a number of concentrated loads at each 
junction of floor girders with columns. Taken this way, the wind load 
produces shear in the building as a whole, the shear being taken up by 
the floor girders and carried by th^a from the windward side across to 
the leeward side, while the stresses of bending moment are sustained by 
the columns and carried by them to the foundations of the building. 

To prevent deformation of the building, wind bracing is used. For 
this purpose, diagonals, knee braces, and the like have been used; but 
present practice prefers gusset plates (flat triangular steel plates) connect- 
ing floor girders and columns, as they do not project into the rooms or 
interfere with the windows. The stresses transmitted to the foundation 
imder the above system of calculating wind loads are all vertical through 
the center of gravity of each footing. The footings on the windward 
side have reduced loads, while those on the leeward side have increased 
loads, due to the wind, these being in addition to and along the same lines 
as the live and dead loads of the building. 

1513. Loads for office buildings, as prescribed by building codes of 
various American cities, usually are fixed at 150 pounds per square foot 
for the first floor and 75 pounds per square foot for the other floors. 
These are the maximum loads for which each floor system is designed. 
The loads transmitted through the columns to the foundations are not 
taken at the above maximum, as tiiey will not be the maxiTnum for all 
floors at the same time, but are reduced from full load on the roof and 
top floor by 5 per cent for each succeeding lower floor imtil a reduction 
of 50 per ceat is reached, which reduction holds for all lower floors. 
Wind loads are usually considered 30 pounds per square foot for any one 
side of the building. Snow loads are added to the live load in those 
places where snow occurs. 

Foundation Beds. 

1514. Investigation of the foundation bed must be made. The in- 
vestigation follows the usual methods as described in the chapter on 
Foundations, consisting of sounding with a steel rod, boring with earth 
augers or drills (with or without a water jet), boring with core drills, or 
digging open pits, according to the nature of the ground and character 
of the building. 

1515. The allowable load on a foundation bed may be determmed by 
a test load, but building codes are usually relied on, as they have been 
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compiled as the result of years of experience. As an example, the 
San Francisco allowable loads are as given below: 


Soft clay 1 ton per sq. ft. 

Diy sand mixed with clay 2 “ “ “ 

Firm dry loam, day, or sand 3 “ “ “ 

Hard clay, firm coarse sand 4 “ “ “ 

Hard shale, unexposed 10 “ “ “ 

Rock 20 “ “ “ 


Footings. 

1516. The general theory of foundations in Chapter XIII applies 
to the foundations for buildings. More detailed consideration brings 
out certain principles that apply especially to buildings: 

а. The total dead load, live load, and vertical effect of the wind load, 
divided by the area of the footing, must not exceed the allowable load 
for the material of the foundation bed. 

б. When the whole or parts of the foundation bed are compressible, 
the load and unit pressures must be so distributed that settlement will 
be equal. 

c. The center of pressure on each supporting area should coincide with 
its center of gravity, so that the footing will not settle out of level. In 
special cases where this caimot be done, the center of pressure must fall 
within the middle third of the base. 

1517. Only in rare cases is the entire area of ground underneath a 
building occupied by the footings. The ground actually under the 
footings should have the same pressure per square foot throughout the 
building; but as the construction of the building causes certain parts to 
be more heavily loaded than others, for example under partitions and 
chimneys, the footings must be designed to give equal vmit pressure on the 
soil, no matter what load they may receive from the structure itself. 
To accomplish this, various forms of footings are in use. 

1518. Square or circular footings cany concentrated single loads, 
such as an interior column. The circular shape (Fig. 1518B) is theoretic- 
ally most economical, but the square shape (Mg. 1518A) is more common 
on account of greater ease in arranging grillage beams. 

Elongated rectangular footings are used when a square footing would 
overlap a property line, or for some similar reason. The same total 
area is used as' for a square footing, with a strengthening in the longer 
dimension. 

Offset footings where the wall itself must abut on the property line, 
have the additional complication of eccentric loading, where the center 
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of pressure is not coincident with the center of gravity, and consequently 
the condition of uniform unit pressure over the foundation bed cannot 
obtain. These footings are more liable to failure than the ordinary kind. 



Fig. 1518 A Fig. 1518 B 

1619. Footings for walls extend uniformly the same distance beyond 
the wall on both sides for the whole length of the wall, except as noted in 
preceding paragraph. Where concentrated loads occur along the center 
line of the wall, the footing is spread out on both sides so that the unit 
pressure on the foundation will be uniform. If a concentrated load is 
not on the center line of the wall, the enlarged footing should extend 
equally on each side of the vertical plane through the center of gravity 
of the combined load of wall and burden. 

1520. Special footings for difficult foundation beds may take the form 
of reinforc^ concrete slabs over all or part of the area under the building, 
the load on the piers, etc., being distributed by means of inverted arches 
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(Pig. 1520A). Foundations which move xmder loads may be enclosed 
by sheet piles. In soft soil, round piles may be driven to support the 
footings, the tops of the piles bdng imbedded in the concrete of the 
footings. 
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1621. Problem. — A brick wall with a footing 4' wide, has an added concentrated load 
at its center line, the load requiring a footing area of 36 sq. ft. to support it. Find the 
dimension of the footing of the wall at the point where the concentrated load is placed. 
(Fig. 1521A). 
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Solution. — ^Let D be the side of the square footing which will support both the wall 
and the concentrated load. 

Then, = 36 + 4 D 

2)2 - 4 D = 36 

D - 2 = V36 + 4 - ViO 
D = 2 H- 6.3 - 8.3' 


Hence 8.3' is the dimension of the side of the square footing at the point where the 
concentrated load is placed on the wall. 


1522. Problem . — K floor of 15' span is to be loaded with canned goods in cases. The 
floor complete weighs 26 pounds per square foor of floor space. The walls which support 
the floor are calculated to sustain for this floor a load of 1680 pounds per linear foot of 
wall, including the weight of the floor. Case goods average 58 pounds per cubic foot 
How high may the cases be pOed? 

Solution. — Each linear foot of floor can support 


Hence 


15 X 58 X h pounds of canned goods. 


15 X 58 X 15 X 26 
2 “^2 
h = 3.4'. 


1680 


FRAMES OF BUILDINGS. 

1523. The framework of a building is the means whereby the dead 
loads, live loads, and wind loads are transmitted to the footings. Wooden 
and steel frames consist of numbers of pillars or columns on which are 
hung the sides, partitions, and floors. Masonry walls, on the contrary, 
support the loads directly along their complete length, being specially 
strengthened where heavy loads are received. 

Masonry Walls. 

1524. Walls. — ^The least thickn^s of a brick wall is 8", which is the 
thickness of the walls of a narrow and low dwelling. The usual rule for 
higher walls is to make the first 25', from the roof downward, 12" thick 
in dwellings and 16" thick in other buildings; the next 26' is made 4" 
thicker, and this rate of increase is continued to the ground-line. From 
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the ground-line to the footing, the increase in thickness is 4” for every 
10'. The change from one thickness to another is usually made at the 
floors. 

The building laws of Boston require the walls of an eight-story building 
to be 28" in the first story, 24" in the second, 20" in the third to the 
seventh story, 16" in the eighth. 

1525. A long wall is weaker than a short one, and must be made cor- 
respondingly thicker, say 4" for every 25' over 100'. Walls with many 
openings must be made thicker. Likewise, walls of warehouses and stores 
must be thicker than those of dwellings and ofi&ces. Stone walls are 
generally 4" thicker than brick walls. 

1526. Brickwork. — The strength and durability of any piece of brick- 
work will depend upon the quality of the bricks, the quality of the mortar, 
the way in which the bricks are laid and bonded, and upon whether or 
not the bricks are laid wet or dry. 

The strength and stability of a wall, arch, or pier also depend upon 
its dimensions and the load it supports. 

The kinds and quality of mortars used for laying brickwork are de- 
scribed in Chapter VIII. The majority of modem brick buildings in 
this country are built with Portland cement mortar. For brickwork 
below ground, cement mortar is absolutely necessary. 

1527. Common brick should be laid in a bed of mortar at least 
thick, and every joint and ^ace in the wall not occupied by other ma- 
terials should be filled with mortar. The usual way of grecifying the 
thickness of a joint is by the height of eight courses of brick measured 
in the wall. Ihis height should not exceed by more than 2" the height 
of eight courses of the same brick laid dry. 

Pressed brick are quite true and smooth, and can be laid with a 
joint, and it is often so specified. A joint is probably better, how- 
ever, as it permits filling the joint better. 

1528. The best method of building a brick wall is to first lay the innor 
and outer courses. In each of these courses, the mortar is spread with a 
trowel along ^e edges of the last course of brick to form a bed for the 
bri(^ to be laid. The brick to be laid are then pressed into place with 
a didinjg motion, which forces the mortar to completely fill the joint. 

The inner and outer courses of brick having been thus laid, the space 
be^een the courses is filled with a thick bed of soft mortar and other 
brick of this course pressed into this mortar with a downward diflgnngi 
motion, so as to press the mortar up into the joints. 

1529. Mortar, unless very wet, will not adhere to a dry porous bricl^ 
because the brick robs the mortar of its moisture, thus preventing its 
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proper setting. On this account brick should never be laid dry, except 
in freezing weatha:; and in hot dry weather it is impossible to get the 
brick too wet. When using very porous brick the wetting of the brick is 
more important in obtaining a strong wall than is any other condition. 

Brickwork should never be laid when the temperature is below 32°, 
and if it is below 40° and likely to fall below 32° at night, salt should be 
mixed with the mortar, the brick heated before laying, and the top of 
the wall covered with boards and straw at night. 

1530. Figs. 1530A, B, C, D show many details of construction of a 
brick building. Brick walls should be tied to every floor at least once in 
every 6 linear feet, either by iron anchors built solidly into the wall and 
spiked to the floor joist, or by means of a box anchor or joist hanger. 

The forms of iron anchors most commonly used for this purpose are 
those shown in Fig. 1530E. If the wall is a side or rear wall, where the 
appearance is not of much consequence, it is better to have the anchor 
pass through the wall, with a plate on the outside, as such an anchor gets 
a much better hold on the wall than is possible when it is built into the 
middle of the wall. All of these anchors should be spiked to the side of 
the joist or girder, near the bottom, as shown in Fig. 1530F. 

1531. Walls to be Carried Up Evenly. — ^The walls of a building should 
be built up evenly, no part being built up more than 3' above the rest, 
except where there is an opening. Building one part of a wall ahead 
of the rest produces unequal settlement and, the joints in the higher part 
settling before the rest is added to it, the work laid last is apt to settle 
away from the other and weaken the wall, besides marring its appearance. 
Whenever it is necessary to carry one part of a wall higher than the rest, 
the end of the high part should be stepped back, and not run up vertically. 

The location of all door and window openings in brick walls should ^ 
carefully considered, not only with regard to convenience, but also as to 
their effect in weakening the wall. The total width of the openings in 
any bearing wall should not much exceed one-fourth of the length of the 
wall, and as far as possible the openings in the different stories should 
be over each other. No openings should be placed under a pier or similar 
loaded i)ortion. If windows must be used in these positions, steel beams 
should be used for lintels over the windows, as a stone lintel or bridr arch 
would be quite apt to crack from the combined effects of the load and 
the settlement of the joints in the masoniy on either side of the window. 

1532. Concrete walls follow the same general rules as brick walls as 
to thickness. For windows, it is usually best to reinforce the concrete 
rather than to use ardies, though the latter are often used for architectural 
effect. Floor stringers, etc., are set into the concrete walls in the same 
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way that they are set into brick walls. Concrete work does not require 
skilled labor as stone and brick masonry do, but skilled supervision is 
necessary to insure correct construction of forms, proper placing to secure 
bond and finish, and prevention of freezing in cold weather. 

1533. Stone walls also follow the same general rules as brick walls. 
Stone is more expensive to obtain, and, on account of variations in size, 
more expensive to place than brick, consequently brick is generally pre- 
ferred except for architectural effect. 

Wooden Frames. 

1534. In framing the walls of wooden buUdings, two distinct methods 
may be followed; these are called braced framing, and balloon framing. 

The braced or full frame, the only kind in vogue before about 1850, 
consists of heavy timbers, mortised and pinned together, and braced 



at every junction of wall and floor by mortised and pinned diagonal 
braces. The posts, sills, girts, and braces form a substantial, slow- 
burning, heavy framework, and the studding is in each case but one floor 
high, thus allowing vermin stops to be placed at each floor level (see 
Fig. 1535A). 

The balloon frame, the common type for the ordinary American frame 
building, is composed of much lighter pieces than the braced frame, is 
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nailed in most places where the other is mortised, does not have heavy 
girts at each floor as part of the framing, but allows the studding to run 
the entire height of the building without break. The second floor joists 
rest on a board set into the studding (girt strip, ribbon, or ledger board) 
instead of on a girt (Fig. 1536B). 

1535. The construction of a small two-story balloon frame house is 
described below, and shown in Pigs. 1535B to D. 



The sill IS the first part of a frame to be set in place. It rests directly 
on the imdeipmning and extends all the way around the building; it is 
^afly 6 X 8". It is placed so as to allow 1" on the outside face for 
the water table. A bed of mortar in which the sill is to rest should be 
laid on top of the imd^inning, and the under side of the sill should be 
painted with linseed oil to prevent it from absorbing moisture fr om the 
masonry. In many cases long bolts are set at intervals of 8' or 10' in 
the m^my extending up through the sill, to fasten the sill, and con- 
sequently the whole frame, securely to the underpinning. 

"nie i<Hsts of the first floor are supported by the sills, and may be 
fastened to them m different ways: the best method is the patent joist 
han^r shown in Fig. 1635E where S is the sill, J the joist, H the hanger. 
As tbs IS too ei^ensive a method for ordinary work, the sill is usually 
mortised to receive a tenon cut in the joist (Pig. 1535F). These mor- 
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■Fig. 1535 C Braced Frame 
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Pig. 1535 F Mortise in Sill 
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tises are usually 4" deep, and cut 2" into the width of the sill. Joists 
are usually 2" x 10" or 2" X 12". Sills are usually halved and pieced 
together at the comers (Fig. 1535G) but sometimes they are fastened 
together by means of a mortise in one sill and a tenon in the other. 

• 1536. Comer posts must be long enough to reach from the sill to the 
top plate. The posts are braced (Fig. 1536A); the braces are often 
nailed in place, but it is much better to cut mortises in the posts for them. 




1-5S6 A Brace for' Post and Sill ' 

The plate is usually fastened to the posts by means of spikes only, but 
it may be mortised to receive a tenon cut in the top of the post. Comer 
posts are usually 4" X 6"; braces 2" X 4". 

1537. The girts support the floor and are made of the same width as 
the comer posts, and 8" deep, being flush with the face of the post both 
outside and ioside; 6" timber may sometimes be used, but the girts are 
usually 4" X 8". A tenon at each end fits into a mortise cut in the post, 
and the whole is secured by a pin (|"). It is evident that if the girts in 
two adjacent walls are framed into the comer posts at the same level, 
the tenons on the two girts which run paralld with the floor joists will 
have to be raised above the girts on which these joists rest. The floor 
joists are carried by the lower (dropped) girts, and the raised girts are 
so placed that they are just flush on top with the joists to which they 
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are parallel. Heavy girts are used only in the braced frame. In the 
balloon frame, ledger boards are used instead; these boards are 2" thick 
and 6" deep, and are placed in notches cut into the studding instead of 
being framed into them as in the braced frame. The floor joists which 
the ledger boards carry are notched over them and spiked to them and 
to the studding. The disadvantage of the ledger board is that it is not 
strong enough as a tie between the comer posts; consequently a wall with 
ledger boards is not as stiif as one with girts. 

1538. The plate at the top of the wall is usually A” X 6" laid flat. 
The plate serves to tie the studding together at the top and also to 
furnish a support for the lower ends of the rafters. (See Fig. 1538A.) 



Fig: 1538 A 


It thus connects the wall and the roof, just as the sill and the girts connect 
the floors and the walls. Sometimes the plate also supports the attic 
floor joists, and acts in this ease like a girt, but this arranganent is 
unusual, as the attic floor joists are usually supported on a ledger board. 
The plate is spiked to the comer posts and to the top of the studding; 
but at the comer, the two adjacent plates are connected by a framed 
joint usually halved together in the same way as the sill. No cutting 
is done on the plate except at the comers, and the rafters and the attic 
floor joists are cut to fit it. Braces serve to stiffen the wall, to keep the 
comers square and tme, and to prevent the frame from becoming dis- 
torted by lateral forces, such as wind. In a full-braced frame, a brace is 
placed wherever a sill, girt, or plate makes an angle with a comer post. 
Braces make angles of 45° with the post, and frame into the comer post 
at heights from one-third to one-half the height of the stoiy (Fig. 1536A). 
The braces are made the same width as the posts and ^rts so as to be 
flush with these pieces both outside and inside. In a balloon frame, there 
are no permanent braces, but light strips are nailed across the comers 
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during construction to keep the frame in place. As soon as the outside 
boarding is in place these are removed; though sometimes light braces 
are used as permanent parts of even a balloon frame, being notched into 
them and spiked. 

1539. When the sill, posts, girts, plates, and braces are in place, the 
only step that remains to complete the rough framing of the wall is the 
filling in of this framework with studding. The studding is of two kinds, 
the heavy pieces which form the frames for the door and window open- 
ings, and the stops for the partitions; and the lighter pieces which are 
merely filling-in studs. The doors and windows are usually made from 
4" X 4" pieces (see Fig. 1539A), one on each side of the opening. If 



Fi(. isssi A Truss over Window 


necessary, a small truss is made as shown to receive any weight which 
comes from studding directly above the opening and to cany it to either 
side of the opening whence it is carried down to the sUl. In the balloon 
frame, the door and window side studs are always made of two 2" X 4" 
pieces placed dose together, and coimected as shown in Fig. 1539B. If 
there is an opening in the wall of the second story, and no corre^onding 
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opening in the wall of the first story, the door and window studding must 
be carried double down to the sill, thus wasting material. In designing 
baUoon frames, tho-efore, it is desirable to have the openings come in 



corresponding positions in all stories. When a partition meets an out- 
side wall, it is necessary to provide a nailing surface for the partition. 
This is done as shown in Figs. 1539C, D, E. The studs shown in the 
figures are 4" X 8", two 4" x 4", and two 2" X 4". 



Fig. 1539 c 


The “ filling-in ” studs are used merely to fill up the frame of the 
other heavier pieces, and afford a naUing surface for the boarding on 
the outside and the lathing on the inside. The fiUing-in studs are usually 



Fig. 1539 D 


placed 16" apart, measured from center to center; never more, sometimes 
less. The studs are the full width of the wall, usually 4", and are usually 
2" thick, 2" X 4" being the ordinary dimensions for “ fiUing-in ” stud- 
ding. In the braced frame there is necessarily much cutting of the 
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“ filling-in ” studding; but in the balloon frame the “ filling-in ” studding 
extends clear up from the sill to the plate, and no cutting is necessary. 
The studding used in partitions is usually 2 " x 4". The partition walls 
are usually made 4" wide, the same as the outer walls, except in the case 
of the so-called “ firrring ” partitions, which are partitions built around 
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chimney breasts to conceal the brickwork and furnish a surface for plas- 
tering. As it is usually specified that no woodwork shall come within 
one inch of the chimney, the studding is placed flat so as to provide a 1 " 
space between the brickwork and the furring wall. If the outside walls 
are of brick or stone, wooden “ furring ” strips are usually placed just 



Furring, Outside Wall 


inside of the outer walls to furnish a surface for laths and pln-gj-pring for 
the inside finish. The studding for these walls is 2" x 4", set close up 
against the masonry walls and preferably spiked to them (see Fig. 
1539F). All the partition walls are finish^ at the top and bottom by 
horizontal pieces, called respectively the cap and the Sole. The sole 
rests directly on the flooring whenever there is no partition under the 
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one being built; but if there is a partition in the story below, the sole 
of the upper partition is used as the cap for the one below. The sole is 
usually made about 2" thick and 5|" wide, which leaves a nailing surface 
of I" on each side. The cap is usually made of the same width as the 
studding, and 2" thick, so that a 2" X 4 " piece may be used in most 
cases. In order to stiffen the partitions, short pieces of studding are 
placed between the regular pieces on each side of it and make the columns 
shorter. Thus, if one piece is for any reason excessively loaded, it will 



not have to cany the whole load alone but will be assisted by other 
pieces. This operation is called bridging,” and is shown in Fig. 1539G. 
The pieces are 2 " thick and the full width of the studding; and in addi- 
tion to strengthening the wall, they prevent fire and vermin from passing 
through and are also utilized as a nailing surface for an inside finish such 
as wainscoting or chair rails. All partitions should be bridged at least 
once in the height of each story, and the bridging pieces should be securely 
nailed to the votical studding at both ends. 

Steel Frames. 

1540. In large office buildings, modem construction tends to the use 
of steel frames. Of these there are three types based on the method of 
sustaining the loads, viz.: 

a. The exterior walls cany their own weight and some of the adjacent 
floor load, the 'remainder being borne by the interior columns of steel 
or cast iron. 
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b. The beains and coltimns at the edge of the wall sustain the entire 
weight of the floor and roof, allowing the wall to support itself. 

c. The well known “ cage ” construction in which all loads, including 
the weight of the wall, are carried at each floor level by the steel frame 
alone. 

The first type is the common type up to five stories. Above this 
limit, the necessary wall thickness becomes so great that a large portion 
of the available space is absorbed. The windows of high buildings must 
be narrow in order to conserve the strength of the masonry, and, with 
the resulting thick walls, the light is poorly distributed. Likewise, if 
the unit bearing capacity of the ground under the footing below is small, 
a large amount of masonry footing will be necessary to properly distribute 
the pressure over the soil; this is expensive and takes much valuable 
space, even though the latter disadvantage may be overcome by using 
the grillage foundation. 

The second type is often used for buildings up to seven stories in height. 
The difficulties of construction are not great; but the second type has 
been generally discarded in favor of the “ cage ” type because of the dis- 
advantages of designing and constructing a steel frame separate from 
the walls of the building. 

The third type, the “ cage ” construction steel frame, which practically 
eliminates weight-carrying walls from consideration in high buildings, 
has three important advantages: 

(1) Windows may be used for almost the entire exterior area without 
lessening the stability. 

(2) The structure, if properly designed, is proof against hurricanes 
and earthquakes. 

(3) As it is necessary to fireproof "these buildings, they are thus made 
safer against a conflagration than ordinary structures. 

1541. Description of Steel Cage Construction. — ^Exterior and interior 
footings are designed for the building, and from these footings the columns 
are carried vertically to the top of the building. Connecting with these 
columns at each floor are two sets of beams, at right angles to each 
other, the floor stringers and the floor girders which support the floor 
stringers. At the top, trusses or a similar set of beams sustain the roof 
of the structure. The exterior wall rests upon the outside beams and 
stringers, and supports itself for the height from one beam to the one 
above it. Between the columns and in the s am e vertical plane is placed 
the wind bracing, which stiffens the structure and prevents any dis- 
tortion by the wind. Inside, the building is divided by partitions, into 
rooms of suitable size. 
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1542. Steel Cage Columns. — The columns are usually fabricated in 
two-story lengths, sometimes, however, in three-stoiy lengths. Splices 
are placed 1|' to 2' above the floor and they are staggered, so that only 
half the splices occur together at each alternate floor. There are two 
ways of making this splice: 

a. Cap Plate. 

b. Continuous. 

In the cap plate splice each piece is manufactured at proper length, 
angles are set at the ends flush on two or four sides and a cap plate is 
riveted thereto (Pig. 1542A) and later, bolted to a similar cap plate of 



Fig. 154^ A 
Cap Plate Splice 

the continuing piece. However, this type is unsatisfactory because of 
its lack of stiffness. In the continuous splice, plates are shop riveted to 
the lower piece and field riveted to the upper (Fig. 1542B). Size of 



ISJiS B 

Continuous Splice 

plates and number of rivets are determined by making the bending 
strength of the splice equal to that of the full column. 

It is seen that the loads on the columns increase from the top to the 
bottom floors. Therefore, the strength of the columns must increase 
similarly. This necessary increase of strength is obtained by adding 
plates to the back of the channels of the columns, usually retaining the 
channel of the same size from top to bottom and adding plates one at a 
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time as necessary from top story to basement. Fig. 1542C shows cross- 
sections of a column. A list or schedule is made, showing for each floor 
the size and numbers of each of the pieces composing the column for 
that floor. 



The column is the most important element of the building. It sup- 
ports the entire construction work above. Thus a defect in a single 
column may be the cause of disaster. The usual form is that shown in 
Fig. 1542C, consisting of channels, reinforcing plates, and lattice bars 
or box plates. The Bethlehem H-columns are being used a great deal. 
They are similar to I-beams except that the flange is made considerably 
wider in proportion to the web than is the case in the I-beam. The 
purpose of this is to allow substantial thickness to which to bolt or rivet 
I-beam girders. H-columns are erected one on the top of another and 
coimected together by splice plates. They are heavy, and their thick 
web is not economical, but their advantages in practical construction 
work are considered sufficient to offset these disadvantages. 

These columns must of course be protected from fire. The best way 
to accomplish this is to surround them by hollow tile blocks. These are 
laid with “ broken ” joints and are bonded at intervals with bent wires, 
metal dips, etc., placed in the mortar at the joints. The tile should 
always extaid from fireproof floor to fireproof ceiling with no impro- 
tected spaces between them. 

In place of hollow tile, gypsum is sometimes used to protect the steel. 
Brick would admirably serve this purpose except for its weight, due to 
which it is practically never used. 

Another method of protecting steel columns is by plaster or metal 
lath. In this case wire laths should be separated from the steel. Plaster 
itself is not to be depended upon alone for fireproofing. Therefore, such 
columns are constructed with two layers of plaster and an air space 
between. A better method is to put up the metal lath away frond the 
column, pour a cinder concrete fill between the lath and the column, and 
then plaster the metal lath. 

A cause of failure of the protective covering of columns has often been 
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the inclosing of water pipes, conduits, etc., within the covering. These 
pipes expand more quicWy than the steel column, with the result that 
they buckle, thus breaking the column covering and leaving the column 
exposed. 

1543. Exterior Walls. — ^The purpose of these walls is to exclude rain 
and weather, to retain heat, and to protect against fire. At the same 
time, windows must be provided for the admission of light and air, and 
doors for entrance. The walls are built of terra cotta, brick, or stone. 
The first two are best; stone is too expensive and lacks fire-resisting 
qualities. The outside columns are commonly set in the wall a little 
outside of the center. The protection for the outermost steel of the 
columns should be not less than 4", and more is desirable. An ideal 
theoretical position is one in which the center of gravity of the columns 
coincides with the resultant of the applied loads. The beams which 
carry the wall should not only be amply strong, but also stiff enough to 
prevent cracking of the masonry. Ibe deflection of the beam should 
not exceed of the span. When the wall beams are parallel to the 
stringers, they are so placed that they support the portion of the flooring 
adjacent to the walls. When parallel to the girders, their position is 
determined by the necessity of supporting the stringers. 

1544. Steel Shop Buildings. — Steel framed buildings are extensively 
used as machine shops, garages, storehouses, and steel mills. Fig. 
1544A shows a building of this type. They are usually one-story, and 
built entirely of metal. The roof is usually made of corrugated iron, 
the sides of corrugated iron or steel plate, windows and doors are often 
simply openings in the walls, and the floors are of concrete or brick or 
earth. All the fastenings are of metal. 

For each roof truss, there is a corresponding column. Horizontal 
beams connect adjacent trusses and columns and stiffen them. If a 
large overhead oreine is to form part of the shop equipment, the hori- 
zontal beam nmning from column to column for this purpose is actually 
a large plate girder specially designed to support the overhead crane. 

FLOORS. 

Loads. 

1545. Dead Loads. — ^The weight of a wooden floor including its joists 
is about 10 pounds per square foot; with the attached ceiling 20 pounds 
per square foot. The weight of a brick floor arch in poimds per square 
foot is about four times the depth of the arch in inches, and may vary 
from 25 to 45 pounds per square foot. The weight of tile block varies 
from about 25 to 75 poimds per square foot, depending .upon the thick- 
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ness of the block. With reinforced concrete construction, including the 
wooden flooring, the total weight is between 40 and 70 pounds per square 
foot. The weight of floors supported by I-beams is between 120 and 
300 poimds per square foot. All of the above weights are for a floor 
system built in accordance with usual requirements. For specially 
large spans, requiring specially strong construction, the weights will be 
much greater than those given above. 
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1546. Live Load. — ^The Building Code of the National Board of Fire 
Undeiwriters prescribes that: 


“ Each floor of every building: shall be of sufficient strengrth in all its parts to bear 
safely the weight to be imposed thereon, in addition to the weight of the floor itself. 
It shall safely support -a minimum live load per square foot of area as specified in the 
following table.” 


Ground and 
Lower floors 

Foundries, Light and Power Plants, Printing and Lithographing 


Houses, Railway Freight Depots 250 

Car bams, Garages 150 

Warehouses 200 

Fire Houses 160 

Armories, Ball Rooms, Dance Hadis, Exhibition Buildings, Fac- 
tories, Gymnasiums, Work Shops, Lofts, Markets, Stables 120 

Stores, Public Halls, Restaurants 120 


Upper 

floors 

. ..250 
. . . 120 
...200 
...60 

...120 

...120 
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Railway Passenger Stations 120 

Office Buildings 120 

Court Houses 100 

Churches, Libraries, Museums, Theaters 90 

Schools and Colleges 90 

Asylums, Bath Houses, Club Houses, Detention Buildings, Dor- 
mitories, Hospitals, Hotels, Lodge Rooms, Lodging-Houses, 

Studios 90, 

Tenement Houses and Dwellings 60 , 


90 

75 

100 

90 

75 


60 

40 


“ Every floor beam in factories, lofts, office buildings, printing houses, restaurants, 
stables, stores, warehouses and workshops shall be capable of standing a live load at 
its center of at least 4000 pounds.” 


In estimating the live load transmitted from the floors to the columns 
of high buildings, a reduction of 5 per cent of the maximum total live 
load is made for each floor below the top one until this reduction reaches 
50 per cent, as stated in paragraph 1513. 


Wooden Floors. 

1547. Wooden floors consist of flooring, joists (stringers), and girders. 
(Pig. 1547A.) The essential qualities are strength and stiffness. The 
flooring is made of tongued and grooved boards supported by joists: the 
joists are supported by beams called girders, which are in turn supported 
by the walls of the building or by columns. 

Problem. — Design the floor of a warehouse to carry 400 pounds per square foot, 
assuming that the joists are 2' apart and that they are supported every 12'. Flooring 
and joists are of longleaf yellow pine. 

Solution. — ^The flooring has a span of 2', and it is seen from the tables of the engi- 
neering handbook that a 2" thickness of flooring is much more than is needed. 

The joists have a 12' span, and carry in addition to their own weight (which is included 
in the figures in the tables), the weight of the floor and the live load. The floor is f' 
thick, and each joist carries a section 2' wide and 12' long, total, 4 cubic feet per joist. 
At 44 pounds per cubic foot, this weighs 176 pounds. The live load weighs 400 pounds 
per square foot of floor, and each joist carries 2' X 12' of the floor, or 9600 pounds of 
the live load. Adding, the total load on the joist is 9776 pounds. Entering the table 
under 12' span, we find that a beam 12" deep and 1" wide will support 1733 pounds. 
Hence a beam 12" deep and 6" wide will support 10,398 pounds, which is ample to carry 
the load. 

Therefore 2" flooring and 6" X 12" joists will be satisfactory. 

To secure stiffness as well as strength, the depth of the joists and girders 
is made large as compared with their width. The width of joists varies 
from 2" to 3", and their depth from 6" to 14". They are spaced from 
12" to 16" center to center. To hold the joists in position, they are 
bridged at the middle of short spans and at intervals of 8' in long ones. 
The bridging consists of cross-bracing composed of 1" by 3" pieces, 
inserted between consecutive joists. If the upper surfaces of the joists 
and girders are to lie in the same horizontal plane, the joists are notched 
into the girders, or supported by iron stirrups fastened to the girders. 
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The latter method is the better, as the total cross-sections of both joists 
and girder are thereby preserved. Floor boards are laid in several 
different ways, of which the more usual are: 



Fig. 15i7 C Eebated Floor 

a. Plain Jointed . — ^The boards are simply laid side by side, as close 
as possible (see Fig. 1547B), a nail or generally two being driven in 
through the boards into each joist. The inevitable shrinkage of the 
boards, as at S, will cause openings in this type of floor. 



, Bebated Tongued - 
and Grooved Floor 
Fig. 1H7 D 


b. Tongued and Grooved . — One board can first be nailed as shown in 
Fig. 1547D and liie other board, upon being slipped into it, will be kept 
down by the form of the joint. Thus the nails are prevented from ap- 
pearing on the surface of the floor. 



Pig. lBi.7 E Tongued and Grooved Floor 

Fireproof Floors. 

1548. Wooden floors are not at all fire-resisting. The need of floors 
with great fire-resisting qualities has led to the use of tile and concrete 
in floors. Steel I-beams are somewhat fire-resisting; and since they 
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must be used for long spans, they are covered with some fire-resisting 
material. 

I-beam Fhor . — ^In this floor the joists are steel I-beams; the girders 
are Steel I-beams, plate girders or box girders (Fig. 1548A). The joists 



Pig. 1548 A Various forms of Steel Floor Beams 


and girders are fastened together by angles riveted to the webs of the 
girders. The joists are connected by arches or slabs of incombustible 
material such as brick, tile blocks, or concrete. Above the arches or 
slabs the floor is leveled with cinder concrete and in this concrete bed are 
placed wooden strips to which the flooring is nailed. 

The first effective fire-resisting floor was constructed of heavy brick 
arches between wrought-iron beams (Fig. 1548B). This method was 



Pig. 154 S B steel and Brick Flcwr 


abandoned, however, because of its great weight and the consequent 
necessity for heavy columns and heavy foundations. It was replaced 
by the use of hollow tUe, constructed in segmental arch^ between steel 
I-beams. These arches were constructed in spans of from 5' to 12' and 
above, the rise or “ crown ” of the arch being usually 1|" to every foot 
of span, with tie-rods connecting the beams in order to take the lateral 
thrust of riie arches. They were found to have many disadvantages. 
The segmental arch materially increased the thickness of the floors and 
hence the expense. Moreover, in the longer spans the tie-rods were 
necessarily exposed because of the high crown of the arch. They were 
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also difficult to construct and the flanges of the beams were left unpro- 
tected. The objections were overcome by the skew types as shown in 
Figs. 1548C and 1548D. The last type has now completely replaced 



Steel and Hollow Tile Floor 
side construction 
Fig. 154S D 


the segmental arches in most modem construction. Its spans vary 
from 4' to 6'. 



Steel and Hollow Tile Floor 
end construction 
Fig. 1648 E 



Fig. 1548 F Steel and Hollow Tile Floor 


Hollow Tile Flat Arch . — The hollow tile flat arch is constracted in 
three principal ways; side construction (Fig. 1548D), end construction 
(Fig. i548E), and combination construction (Fig. 1548F). 
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In the side construction the tiles can be more easily laid; they can 
be laid with broken joints; the skew backs have better bearing on the 
beams than in the end construction; and good protection is obtained 
for the bottom of the beam. 

End construction is somewhat stronger than side construction. Ties 
are run through the hollows of the tiles. In this method, however, the 
joints are not broken; the binding is not good; the bearing of the skew 
against the beam is poor, and it is almost impossible to protect the bottom 
of the beam properly. 

Combination construction consists of a side construction skew and 
key, and end construction lengtheners. It is the type of flat arch most 
co mmo nly used at the present time. 

The typical method of laying hollow tile floors is shown in Fig. 1548F. 
The forms are suspended from the I-beams. The tiles are then put in 
place and slushed with Portland cement mortar. Cinder concrete is 
poured in to the level of the top of the beam; nailing strips are set in 
place and the concrete fill is continued to the top of the nailing strips. 

The forms should remain in place for 48 hours. They may then be 
removed and used over again. It is very important that tile work 
should be properly laid. Such work should therefore be entrusted only 
to experienced men. 

Advantages of hollow tile over concrete floor: 

Hollow tile floors are lighter in weight. 

Forms are less expensive and can be used over again. 

There is no drip through the forms as in concrete slab floors; con- 
struction can therefore go on rapidly underneath. 

Woodwork of floors can be commenced very soon after pouring the 
cinder conorete. 

In two days’ time the tiles are practically dry. 

Building goes up very rapidly. 

Disadvantages of hollow tile: 

ThickCT floors than concrete are required. 

They are more seriously injured by fire. 

They are not readily repaired when destroyed by fire. 

They cannot be made to fit aroxmd irregular spaces. 

Both concrete and tiles are not sufficiently sound proof. 

Concrete Floors. — ^Fig. 1548G shows the cross-section of a type of 
concrete floor often used. It is designed as a non-continuous beam. 
The floor shown in Fig. 1548H is designed as a continuous beam. This 
floor is reinforced and is much stronger than the floor of Fig. 1548G. It 
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will be noticed that the reinforcement is always placed on the tension 
side of the concrete. 



idJtS H Steel and Concrete Floor 


Forms for this type of floor may be constructed as diown in Fig. 
1548 1. This form is erected with very few nails and so constructed that 
it- can be pulled down all at once. Soft soap or oil is used on the forms 
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Reinforced concrete slab floors generally have neither girders nor 
beams, but consist of concrete so reinforced as to consolidate the entire 
floor and columns into a monolithic mass. Pig. 1548 J shows several 
standard methods of reinforcing floor slabs. 

Advantages of reinforced concrete: 

It gives the strongest floor possible. 

It allows the shallowest floor. 

It fits around irregular spaces. 

It can be plastered over, if injured by fire. 

Disadvantages: 

It is heavier than hollow tile. 

The forms used to hold the concrete are more expensive than for plain 
concrete. 

The forms must be kept up at least two weeks. 

Composite Flooring . — ^There are on the market several compositions 
used for flooring. Among these are granolithic, a floor finish composed 
of cement, sand, and granite chips in a 1 : 1 : 1 ratio, applied like con- 
crete and polished with pumice stone; terrazo, composed of cement, 
sand, and marble chips in a 1 : 1 : 1 ratio; and asbestolith, composed of 
cement, sand, and cork and asbestos in a 1 : 1 : 1 ratio, put down hot and 
smoothed with a trowel. 


THE STAIRWAY. 

1549. In frame buildings, a means of egress — sometimes the sole 
means of egress — from the upper floors in case of fire is the stairway. 
The importance of the stairway cannot therefore be over-emphasized. 
It must be of ample strength and proportions to safely withstand all 
loading conditions which it may be required to meet in any eventuality. 
These proportions, in their variations to meet the requirements of differ- 
ent classes of buildings, may be found in Building Codes. 

There are three members in a stairway: the stringers, the risers, and 
the treads. These are shown in Fig. 1549A. The important thing to be 
ascertained by the stair builder is the space which the stairs are to 
occupy (run and rise). The “ run ” is the horizontal distance — that is, 
the length, of floor — covered, while the “ rise ” is the vertical distance 
from the top of the lower floor to the top of the upper floor. (Fig. 
1549B.) 

There is always one less tread than riser in a stairway, as the top of 
the last riser is on a level with the upper floor. The sum of the width of 
tread and height of riser should be approximately 16". Thus with a 6" 
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riser, the tread is usually made 10". This relation between the tread 
and riser should be adhered to as closely as possible. The riser should 
not be naade lass than 6". 




ROOFS. 

1550. A complete roof consists of covering, sheathing, rafters, purlins, 
and roof truss (Fig. 1550A). The covering is the outer or weather- 
resisting coating of the roof. The materials employed for this coating 
are shingles, slate, tiles, asphalt, tin, copper, lead, and corrugated iron. 
The sheathing is the layer of boards or other material to which the 
covering is attached. The rafters are the inclined beams which support 
the sheathing; they correspond to the joists in floors. The purlins are 
the horizontal beams which support the rafters and correspond to the 
floor-beams of bridge floors. TTie roof-tmsses are the frames which 
support the roof and transmit its weight to the walls or columns of a 
building. 

The wall plates are beams which are laid on top of the wall to distribute 
the weight transmitted by the trusses. 

The pitch of a roof is the ratio of the rise to the ^an. 
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The ridge is the highest horizontal line of the roof. The eaves are the 
lowest horizontal lines of the roof. 



1551. According to their surfaces, roofs are classified as: 

o. Shed roof or lean-to, which has a single plane surface (Fig. 
1551A). 

6. Gable roof, which has two plane surfaces intersecting in the ridge 
(Fig. 1551B). 



A. ■ B C D 

15S1 

Shed Roof Gable Roof Gambrel Roof Hipped Roof 

c. Curb or gambrel which has four plane surfaces; the two on each 
side of the ridge have different inclinations and intersect in a line parallel 
to the ridge (Fig. 1551C). 

d. Hipped roof, which has. the same inclination at the mds of the 
building as the sides; the indined lines of intersection of its slopes are 
the hips (Fig. 1551D). 
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A valley is the line of intersection of roof surfaces making a reentrant 
angle, as the line of intersection of two gables which are perpendicular 
to each other. 

Loads. 

1552. The dead load of a roof comprises the weight of the roof cover- 
ing, rafters, trusses, etc., and any permanent weights which the roof may 
have to support. Weights for ordinary t5^es of roofing, trusses, etc., 
may be found in engineering manuals. The following typical figures 
are quoted: 

Shingles, 2| pounds per sq. ft. 

Slate, thick, TJ pounds per sq. ft. 

Tin, including felt, 1 pound per sq. ft. 

Tile, 11 to 14 pounds per sq. ft. 

Corrugated iron, 1 to 85 pounds per sq. ft. 

Sheathing, 3 pounds per sq. ft. 

Rafters, hard pine, 2 poimds per sq. ft. for 2" X 4" rafters, 16" apart; 
4 pounds per sq. ft. for 2" X 10" rafters 20" apart, etc. 

Purlins, are figured the same as rafters. 

Wooden trusses, 3 poimds per sq. ft. of roof for 36' span, | pitch; 9 
pounds per sq. ft. for 100' span, flat, etc. 

Steel trusses, 5f pounds per sq. ft. of roof for 40' span, ^ pitch; 13 
poxmds per sq. ft. for 100' span, flat, etc. 

The following formulas may be used for determining the weight of 
roof trusses: 

W = 0.05 + 0.075 L for wooden trusses, 

12 

W = 0.05 L ^ for steel trusses, 

in which W = weight of trusses in pounds per sq. ft. of horizontal pro- 
jection of the roof supported, L = span in ft., A = distance in ft. be- 
tween trusses. 

1553. The live load of a roof comprises the weight of the snow, wind, 
and any temporary weights which it may have to support. No roof 
should be designed for a total load of less than 40 pounds per square foot 
except flat roofs in warm climates. Wind loads are usually considered 
for roofs with a greater pitch than 5 inches to the foot, but as snow will 
not remain on the side of a roof against which a strong wind is blowing, 
both snow and wind loads are frequently calculated together. For com- 
puting wind pressure alone, several empirical fonnulas are in use. Usu- 
ally the component of the wind assumed normal to the roof surface is 
given a value of 30 pounds per square foot against a vertical surface, as 
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would be caused by a wind of nearly 100 miles per hour. With such a 
wind, the pressure on the windward side and suction on the leeward side 
make it necessaiy that the roof covering be securely fastened down, that 
all joints in the roof be designed to take both tension and compression, 
and that roof trusses be securely fastened down. 

The formula of Colonel Duchemin of the French Army is considered 
to give the most reliable results. The formula is: 

where P„ - component of unit pressure normal to the roof, P = unit pres- 
sure in pounds per square foot on a surface perpendicular to the direction 
of the wind, and ^ = angle which the inclined surface makes with the 



horizontal. The vertical and horizontal components of P„ in Fig. 
1553A are given by the formulas: 


p _ D 2sia^<t> 

* H-sin^^ 


and 


D _ sin <)!) cos <t> 


(1553B) 


where P* and P, are respectively the horizontal and vertical compon- 
ents of the imit pressure in pounds per square foot. 

The normal wind loads given by this formula for a 30-pound wind 
vary from 5.1 pounds for a 5° roof, to 24 pounds for a 30“ roof, and to 
30 pounds for a 90“ roof. 

The snow load to be provided for is a variable quantity, depending 
on the dope of the roof, the latitude, and the humidity. Dry freshly 
fallen snow weighs 8 pounds per cubic foot and may be 3' deep or even 
more on flat roofs; packed or wet snow weighs about 12 pounds per cubic 
foot, but is seldom more than 18" deep. 

1554. Allowance for wind and snow loads per square foot of roof 
surface is given in the following table: 



Buildings 


411 


Location 

Snow Load Alone 

Wind and Snow Combined 

Pitch of Roof 
i i i or less 

Pitch of Roof 
i i 1 or less 

i 

Northwest States 

12 30 45 

10 25 40 

10 25 35 

5 20 30 

0 5 5 

30 30 45 

30 25 40 

30 25 35 

30 25 30 

30 25 20 

New England 

Hocky Mountains 

Central States 

Southern States'! 

Pacific States / 


Yaiiatioiis in Loading for vhich Stresses should be Found. — To 
determine the maximum stresses under any possible condition of loading, 
stresses should be found for the following cases: 

(1) Stresses due to permanent dead loads, 

(2) Snow covering only one side of roof, 

(3) Snow covering entire roof, 

(4) Wind on side of truss nearer the expansion-end, 

(5) Wind on side of truss nearer fixed end. 

It is generally assumed that the maximum wind pressure and the snow- 
load cannot act on the same half of the truss at the same time; hence 
the combinations for maximum stress will be either cases 1 and 3 or 
cases 1, 2, and 4 or 5. 

Roof Trusses. 

1555. The trusses are made of (1) wood (Fig. 1550A); (2) wooden 
compression and steel tension members (Fig. 1555A); (3) wholly of 
steel (Fig. 1555B). 

The upper chord is in compression and corresponds in general outline 
to the roof itself. The lower chord is in tension and may be a straight 
line or a series of straight lines. Fig. 1555C shows that the compression 
members may be vertical and the tension members inclined, the com- 
pression members may be inclined and the tension members vertical, 
or the upper chord may be trussed. The panel points of the upper chord 
are usually at the purlins. 

In wooden trusses the members are all of the same thickness and differ 
only in depth; they are imited by mortise and tenon or notched joints, 
strengthened by straps or bolts. Steel trusses may have pin-connected 
joints along the lower chord or they may be riveted tiiroughout; the 
latter is the more common construction. In the riveted truss all members 
are usually angles in pairs riveted to connecting plates and fastened at 
intervals to each other. 
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Construction. 

1556. The kind of roof covering varies with the character of the 
building, the architectiiral effect desired, and the pitch of the roof. If 
the pitch is small, there is greater tendency toward leakage, and con- 
^quently, the covering should be a continuous sheet, as a^halt, tin, etc.; 
if the pitch is lai^e, the covering may be composed of overlapping plates, 
as slates, tiles, etc. The sheathing is usually inch boards, covered by 
layers of tarred paper or similar materials; when a fireproof construction 
is desired, the sheathing consists of slabs of tara cotta or other fireproof 
material supported by a metal framework. 

Wooden rafters are beams 2" to 3" thick and 4" to 10" deep. They 
are spaced from 16" to 24" center to cento-, for ordinary loads. If the 
wooden rafters rest directly upon the wall-plates and not on purlins, 
tiie opposite rafters are connected about midway between the wall-plates 
and ridge by a horizontal brace called a collar-beam. In metal roofs 
the rafters are I-beams or other structural steel forms. The I-beams 
are spaced at wider intervals than wooden rafters, and in fireproof con- 
struction are connected by inverted tees which support the fireproof 
sheathing. The purlins are usually spaced about 8' to 10', as wider 
spacing requires the rafters and purlins to be inconveniently large. 
They are either square wooden beams or one of the forms of structural 
steel beams. 

The economical spacing of trusses depends to a great extent upon the 
kind of roofing that is used, and also upon the span. As a general rule, 
however, the most economical spacing is about as follows: 

For wooden trusses under 80' span, from 12' to 16' on centers. 

For wooden trusses over 80' span, from 16' to 24' on centers. 

For steel trusses tmder 80' span, 16' to 20' on centers. 

For steel truss^ ovct 80' span, from 20' to 40' on centers. 

When the distance between trussra exceeds 16' for wooden roofs or 20' 
for steel roofs, it is generally necessary to use trussed purlins. 

Having decided upon the kind of truss to be used, the spacing of the 
trusses and the roof-construction, a section-drawing of the roof should 
be made, showing the elevation of the truss, the points at which the 
purlins are to be supported, the manner of supporting the ceiling, and 
any other loads that are to be supported by the trusses. The section 
and truss-drawing, with the tables of the weights of roofing-materials, 
will furnish the necessary data for computing the loads at each joint. 
Until the stresses have been determined, the sizes of the members com- 
puted, and the joints detailed, an exact drawing of the truss cannot be 
made; but in onier to compute the loads and siresses, it is necessary to 
know the positions of the joints, and these can be indicated with sufficient 
p,ccuraey before the exact siz^ of the members are obtained. 
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In fireproof construction, roof materials may be the same as those 
used for floors. Gypsum blocks are used to a considerable extent because 
of their light weight. Where concrete roofs are constructed, as in many 
of the flat roofs of business buildings, the principles are exactly the same 
as those for floor construction. The concrete or gj^sum is not left 
exposed. It is covered with metal, tar and gravel, or some other standard 
roof covering. 


STRESSES IN ROOF TRUSSES. 

1557. It is assumed that the loads or forces transmitted by a truss 
are coplanar forces which act in the plane containing the axes of the 
members; and the loads are so placed that the forces act only at the 
panel points. 

In all trusses resting on end supports, the reactions at the supports 
are taken as acting along lines parallel to that of the resultant of the 
other external forces, unless the action lines of the reactions are fixed by 
special conditions. If the truss rests on a roller at either end, to allow 
for the expansion and contraction of its members due to changes in 
temperature, the reaction at that end is assumed to be normal to the 
surface on which the roller rests. 

The two reactions and all the other external forces will therefore 
always fonn a system eitha" of parallel or concurrent forces in equi- 
librium. The determination of the stresses in a truss therefore consists: 
(1) in finding all the external forces acting on a truss, this usually being 
a question of finding reactions; (2) in finding the resultant stress in each 
member of the truss as caused by these forces and the stresses in other 
members. After obtaining the reactions, there are two general methods 
of determining the stresses in the members of a truss, the analytic and 
the graphic. The analytic may be sub-divided into the analytic method 
of concurrent forces and the analytic method by sections. 

Analytic Method of Concorrent Forces. 

1558. Considering each panel point as a “ free body,” we know that 
it must be in a state of rest. Therefore, aU the forces and stresses 
acting at a jranel point must be in equilibrium. 

The ^^stem of forces at each panel point being a system of concurrent 
forces, the only requisites for equilibrium are that the algebraic sums of 
the horizontal and vertical components shall each be equal to zero. 

In any system of concurrent stresses in a Iruss, the stresses acting 
towards the co mm on point of application are compressive, and those 
acting away from the point are tensile; and, conversely, a compressive 
stress in a piece must be assumed as acting towards the common point 
of application, and a tensile stress as acting away from it. 
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1559. Let it be required to determine the stresses in the roof truss 
shown in Fig. 1559A. 


2W 



Panel Point A . — Considering the panel point as a “ free body,” we 
see that the vertical component of A.B must be compressive and equal 
to 3 PF in order to produce equilibrium of vertical forces. 

AB' 

AB 

__ AB' _SW 
cos (j) cos tj> 

The stress on AC must be equal and opposite to the horizontal compo- 
nent of AB. This horizontal component of AB is obtained from the 
equation 

BB' . , 

^ =sm^ 

BB' == AB sin 4> = ^ t = 3 W tan 
^ cos 4> ^ 

Thence the stress on AC is tensile and equals 3 W tan <^>. In tabulated 
form, these stresses are shown below, the signs indicating direction of 
action of the component of the force in accordance with the system 
stated in paragraph 109: 


Stress 

Vertical 

Component 

Horizontal 

Component 

Total Stress 

Character 

BW 

-BW 

0 

31V 

Reaction 

AB 

-^BW 

—3 W tan <t> 

3 W 

cos 

Compressive 

AC 

0 

+B W tan 0 j 

3 W tan tf> 

Tensile 


Panel Point B . — Considering the panel point as a "free body,” we see 
that both BB and BC are unknown and each has a vertical component; 
hence it is not possible to determine the two vertical components. How- 
ever, if we consider only the components which are either normal or 
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parallel to line ABD, we find the equations of equilibrium will be sufii- 
cient, as we have two equations and two unknown quantities. 
Considering components normal to line ABD, we have 

Normal component of2W = 2 sin ^ 

Hence, “ “ “ BC = 2 TF sin and is compressive. 

Knowing that the angle DBG equals 180“ — 2 <j>, the actual stress in 
BC is obtained from the equation 

^ = sin (180° - 2 = sin 2 


BC = 


2 W sin ^ _ 2 TF sin^ _ TF 
sin 2 ~ 2 sin cos (t> ~ co&tt> 


The parallel component of BC is obtained from the equation 
ParallelComp. ^ _ 2 <» = -cos 2 ^ 

-r> o Wcos24> TFCsinV - cos^<^) 

ParallelComp. = (BC)(- cos 2 4,) = - = — — ^ 

^ ^ cos(j> eos^ 

The stress in BD is equal and opposite to the resultant of all other 
parallel components. It is obtained from the equation 

= IZ - 2 TF cos ^ ~ 

COS <t> cos 0 

— 3 TT — 2 TF cos^ 0 — TT sin^ <l> + W eos^ 

"* cos 0 

— 3 TF — TF sin^ <i> — W cos^ <t> ^ 2 TF 

^ cos "" cos <j) 

In tabulated form these stresses are shown below: 



Normal 

Component 


Parallel 

Component 


Character 


-2 W sin 


+2 TF sin 


+2 W cos 4> 

3TF 
cos 4 > 

W 0 — TF cos^ <i> 
cos 4 > 

. 2TF 


Applied Load 
Compressive 


Compressive 


Compressive 
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Panel Point D. — ^Here the two unknown stresses are those in DE and 
DC. As DE makes with the horizontal an angle equal to that of BD 
with the horizontal, it must be equal to BD, because their horizontal 
components must be equal. 

The vertical component of BD is obtained from the equation 

Vert. Comp, of BD 

BD ~ ^ 

Vert. Comp, of BD = BD cos <j> = cos 4> = 2W 

cos (f> 

The stress in DC must be equal and opposite to the resultants of the 
other vertical components acting at point D. Hence 

DC = -(-2W + 2W + 2W) = -2W 

In tabulated form, the stresses are shown below. 


Stress 

Vertical 

Component 

Horizontal 

Component 

Total 

Stress 

Character 

2W 

-2W 

0 

2W 

Applied Load 

CD 

-2W 

0 

2W 

Tensile 

BD 

+2W 

+2 Wtan4> 

2W 
cos (f> 

Compressive 

DE 

+2 TV 

—2 W tan 4> 

1 

2 TV 
cos <p 

Qompressive 


Panel Points C, E, and F . — ^The truss is symmetrical and symmetrically 
loaded and the stresses in one-half of it have been found. The stresses 
in the members of the remainder will equal those of the corresponding 
members in the half already considered. 

Analytic Method by Sections. 

1560. The solution by sections depends upon the principle that since 
every member or combination of members is in equilibrium, a portion 
remaining after another portion has been cut off by a plane will be in 
equilibrium if equivalent forces are substituted to take the places of the 
members cut off. The portion remaining is considered as a “ free body,” 
and forces, known or unknown as may be necessary, represent the stresses 
in the members severed by the section. This method is often called the 
" method of moments ” because the stresses in the unknown members 
are found by a series of equations of moments. The center of moments 
is preferably taken at the junction of certain unknown members, so that 
their lever arms will be zero and the equation can be more quickly solved. 
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1561. Represent by Pig. 1561A the same roof truss with same loads 
as in paragraph 1559, and let it be required to determine the stress in 
the member AC by tho method by sections. 


2W 



Fig. 1561 A 


Pass a plane as shown, through the members BD, BC, and AC. Take 
the portion to the left as a “ free body it will be acted upon by the 
forces as shown in Fig. 1561B, of which the natures and intensities are 
not yet determined. 


2W 



Taking moments around B, selected as center of moments because 
F and F' will have lever arms of zero, we obtain the equation of moments: 

SW X I' - 2W X 0 + F X 0 + F' X 0 + F" X I = 0 

-sirxABsin^ . 

L AB COS <j> 

This value of F" is the same as determined as the stress in AC by the 
method of concurrent forces. As it causes a negative moment, it pro- 
duces tension at panel point A, which is also as determined for AC by 
the method of concurrent forces. 

Method by Graphic Statics. 

1562. The Graphic Method is the simplest and in most cases the 
quickest method of determining the stresses in a roof-truss; and it ha.<^, 
besides, the additional advantage of being applicable to any true truss, 
form or any arrangement of loads. There is also less chance of making; 
a naistake in the graphic method than in the method of numerical com- 
putations, as an error in the graphical analysis becomes evident because 
the lines do not meet, the polygon does not close. When the principles, 
are understood, stress diagrams can be very quickly drawn without the 
aid of books or tables. 
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1563. The graphic method is founded upon the composition and 
resolution of forces as learned in mechanics, from which is derived the 
basic principle of graphic statics, namely: 

If any number offerees acting at a 'point can he represented ininuignitude 
and direction by the sides of a closed polygon taken in order, they are in 
equilibrium. 

Applying this principle to the determination of stresses in roof-trusses, 
we fed by graphics a number of closed polygons, which represent the 
equilibrium of forces at a panel point or on a portion of the truss, or on 
all of the truss. 

1564. In the detailed work of drawing the graphical representations 
of the forces, it is not always necessary to draw every force; as a matter 
of convenience, parts of one polygon of forces join to the parts of one or 
more other polygons of forces, so that the principle of equilibrium of the 
polygon of forces is often not considered. But if the polygons were 
each completed, each would represent forces in equilibrium. 

1565. Representation of Forces. — In the graphic method the intensity 
of force in terms of the unit of force is expressed by the length of a right 
line drawn to a scale whose unit of length represents a unit of force. 
The direction of a force is indicated by an arrow head written on its 
action line; if the force acts towards a material point, the arrow head 
is directed towards the point. If the force acts away from the point, 
the arrow head is directed away from the point. The complete figure 
of all the forces is called the force polygon. 

1566. Graphic Nomenclature. — ^Brfore the stress diagram for a truss 
can be drawn, it is necessary to make a skeleton drawing of the truss, 
representing the central or median lines of the members. This diagram, 
called the truss diagram, should be drawn on the same sheet of paper as 
the stress diagram, for the convenience of drawing the latter. The 
truss diagrams should also have all of the loads which come on the truss 
indicated by arrows and figures. 

After the truss diagram is drawn, it is convenient to letter it according 
to the method known as Bow’s Notation, which allows a ready compari- 
son of the truss diagram and the stress diagram, and also makes it easier 
to draw the stress diagram and immediately to determine the character 
as well as the magnitude of the stresses. The essential principle of this 
method is the lettering of each space on each side of every external force 
and of every manber of the truss, so that on the truss diagram a truss 
member or external force is denoted by the letters on each side of it. 
In the stress diagram the same letters come at the ends of the lines repre- 
senting tiie external forces and the stresses in the truss members. Capi- 
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tals are commonly used for the truss diagrams, and small letters for the 
stress diagrams. 

1567. As in the analytic method, the determination of stresses con- 
sists in finding: (1) the external forces acting on the truss, the reactions 
being usually the forces which must thus be determined; (2) the stresses 
in each member. 

Ordinarily, the force polygon of the external forces is first drawn and 
the reactions are determined. This force polygon is used as the frame- 
work for the stress diagrams of the different members of the truss. As 
there must be equilibrium at each panel point, the force polygon must 
close; and the direction of each stress can be determined by going aroimd 
the perimeter of the polygon in proper order. 

1568. Problem. — Find the intensity and action line of the resultant of the con- 
current s^rstem of coplanar forces in Fig. 1568A. 



fig. I568.i 

AB = 10 SC = 13 CD =8 

Solution. — From any point, as a (Fig. 1568B), draw a line ab parallel to AB and 
mahe it equal to ten linear units; from b, draw a line be parallel to BC and 'make it 
equal to thirteen linear units; from c draw the line ed parallel to CD and make it equal 
to mght linear units; complete the polj^on by drawing the line ad. If through the 



a 


fig. 1S68 B 

common vertex of AB, BC, and CD, we draw a line parallel to od, it will be the action 
line of the resultant of AB, BC, and CD, and its intensity will be the number of linpar 
units in the length ad. This results from the principle of the parallelogram of forces. 
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since by construction ac must be equal and parallel to the resultant of A B and BC, 
and ad must be equal and parallel to the resultant of ac and CD. Following the per- 
imeter around in proper order (a&, be, cd, da), we see that the force with direction and 
intensity of da will establish equilibrium at the point. 

1669. Problem. — ^Determine the resultant of the system of non-concurrent coplanar 
forces in Fig, 1569 A, when the action lines of forces intersect within the limits of the 
drawing. 



Fig. 1563 A 

Solution. — ^Draw the force polygon (Fig. 1569B) in which cib, he, and cd are parallel 
and equal to the forces AB, BC, and CD, Then ad gives the intensity and direction 
of the resultant. 



Fig. 166 9 B 

Produce the action lines of AB and BC until they intersect. Through the point of 
intersection draw their resultant, which will be parallel to ac. Produce this resultant 
until it intersects the action line of CD; their point of intersection will be one point on 
the action line of the resultant, and the resultant itself will be AD, drawn through 
this point parallel to ad, 

1570. Problem. — ^Determine the dosing force of the system of non-concurrent co- 
planar forces in Fig. 1570A, when the action lines of the forces do not intersect within 
the limits of the drawing. 

Solution. — ^Draw the force polygon (Fig. 1570B) in which ab, he, and cd are parallel 
and equal to the forces AB, BC, and CD. Then da gives the intensity and direction 
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of the dosing force. Assume a point 0, called the pole of the force polygon, at any con- 
venient point in the construction plane, and draw the lines ao, bo, co, and do. These 
lines may be taken as the intensities and directions of a new system of forces in which 
ao and 6b are together equal to and may be substituted for AB, bo and oc are together 
equal to and may be substituted for BC, etc. If from any point on the action line of 



the force AB, as o', we draw the lines o'a' and o'6' equal and parallel to oo and db, the 
original force AB may be replaced by its components o'a' and o'b'. Finding the point 
o" where the line o'h' intersects the action line of the force BC, we may replace the force 
BC by its components o"h' and o"o', equal and parallel to bo and oc. Finding the 


a 



point o'" where the line o"c' intersects the action line of the force CD, we may replace 
the force CD by its components o'"c' and o'"d', equal and parallel to co and od. 

The resultant of these six components, o'a', o'6', o"6', o"c', o'"c', and o'"d', is the 
resultant of the original forces AB, BC, and CD. 

The components o'b' and o"b' are equal and directly opposed; hence their resultant 
is zero. For the same reason, the resultant of o"c' and o'"c' is zero; hence the resultant 
of o'a' and o'"d must be resultant of the S37stem. The resultant of the system, AD, 
and the closing force, DA, therefore act through the point ow, the point of intersection 
of o'a' and o'"d, and is parallel to ad. This is evident from the force polygon, since 
ao and od are the components of ad in that polygon. The lines o'a' and o'"d' are in this 
case called the closing lines of the polygon o'o"o'"oiv. 

The polygon o'o"o'"ow is called the equilibrium polygon. 

1571. Problem. — ^Determine the reactions at the two points of support of the roof 
truss in Fig. 1671A, with live and dead loads as shown. 
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Solution. — ^As there is a roller under the left support, we know that the reaction at 
that support is vertical. The problem therefore consists in finding the intensity of 
the left reaction, and the intensity and direction of the right reaction. 

Draw the lines 6c, cd, de, etc., of the force polygon (Fig. 1671B), parallel to the external 
forces jBC, CD, DE, etc. Assume the pole at the point o, and draw the component 
forces o6, oe, od, etc. 

To construct the equilibrium polygon, we start at the right support because this is 
the only point known of the reaction AJ, and the equilibrium polygon must therefore 
pass through this point. At once it is evident that the component force, o'i', is equal 
in length to zero in this particular equilibrium polygon because IJ and J A meet at the 
point where the line o'j' is to be drawn from one to the other. 

Draw the equilibrium polygon lines o'i', o"h\ o"'g\ etc., parallel to the component 
force lines oi, oh, og, etc. The line a^h' intersects the force AB produced at oix. 

Connect and o' by the equilibrium polygon line o^a'o', and draw the component 
force line oa parallel to it in the stress diagram. This line oa meets the force line ah, 
drawn parallel to the force AB, at the point a: ab is therefore the intensity of the 
reaction AB at the left support. 

Connect a andi in the force polygon: ja gives then the direction and intensity of the 
reaction at the right support. 

1572. Problem. — ^Determine the stress in each member of the roof-tnrss in Fig, 
1572A (same as 1571 A), with forces and reactions as shown. 

Solution. — Draw the force polygon ab, be, cd, de, ef, fg, gh, hi, ij as shown in Pig. 
1572B. 

Panel Point ABCDN . — Starting at the left support, we have the forces a6, 6c, and 
cd known. From d, draw dn parallel to DN of the truss diagram. Similarly, from a 
draw an parallel to AV of the truss diagram. Their point of intersection n gives the 
lines dn and na which represent the directions and intensities of the stresses in the 
members DN and NA. Following the perimeter of the polygon in the direction of 
the forces and stresses AB, BC, CD, DN, NA, we find that DN acts towards the 
panel point and its stress is therefore compressive, NA acts away from the panel point 
and its stress is therefore tensile.* 

Panel Point DEFMN . — ^Here the lines /m and mn are drawn parallel to FM and MN, 
thus completing the stress diagram defmn. Following the perimeter of the polygon 
around in proper order, we find both of the members FM and ikf AT to be in compression. 

In the same manner, the stress diagram is drawn for each panel point. The stress is 
the length of the line in the stress diagram and the character of the stress is obtained 
by following the perimeter of the polygon in order as indicated by the known forces or 
known stresses. 


UTILITIES. 

Plumbing. 

1573. The pliunbing of a building consists of two complete systems: 

a. The water-supply ssratem. 

b. The house-drainage system. 

Although entirely distinct, to save space and to render all pipes more 


• With colored chalk, compression is shown in red, tension in blue, forces in yeUow. 
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easily accessible, the pipes for the two systems are generally placed 
close together in the building. 


too 



1574. Water-supply System. — ^The amount of water needed and 
consequently the size of the supply pipe is based upon the probable 
number of fixtures from whidi water will simultaneously be drawn. It 
is usually taken at about 40 gallons daily per person, but waste may 
triple the amount. 

In residences and other buildings with comparatively few fixtures, 
the supply pipes should be proportioned to supply all the fixtures simul- 
taneously. In hotels, apartment houses and like buildings, however, 
such ample provision is deemed xmnecessary; and if provision be made 
to supply at the same time one fixture in each group within such a build- 
ing, the pipes will be of sufficient capacity to meet all requirements. 
The larg^ pipe used to supply any fixture is f " in diameter and the usual 
size in diameter, though often f " pipes are used throughout. Faucets 
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and cocks for f" pipes seldom have an unobstructed waterway larger 
than I" in diameter, while the waterway of Y' faucets and cocks seldom 
exceeds f " in diameter; hence, if in all water pipes an allowance is made 
of the capacity of a Y' pipe for one fixture in each group, the system will 
be so proportioned that an adequate supply of water at low velocity will 
be had at all fixtures. 

If the water is obtained by connection with the street main, the 
matter is further complicated by the fact that the largest tap permitted 
by meet water companies is f " in diameter. Hence, when larger sizes 
of service pipes are required, connections for them must be made either 
by inserting a special fitting or by means of a multiple service connection 
as shown -in Fig. 1574A. With a moderate sized street main, connections 



for supply pipes over 2Y' in diameter should be made by means of a fecial 
fitting; for all smaller sizes of service pipes when the water main is 
extremely large, connections may be made by means of a multiple con- 
nection. Galvanized iron is probably more extensively used than any 
other material for water supply pipes in buildings. Brass piping is 
preferable to galvanized iron or lead for convesdng hot water, and is 
largely used in the better class of buildings. 

1575. Whether water is obtained from a nearby tank or from the 
street main, the distribution should start from some central location. 
With such a system, all supply lin® can be controlled by valves located 
at one end of the building; provision can then be made to drain the pipes 
when the water is shut off, a better distribution of water will be effected, 
and systematizing work will so simplify the construction that it can 
readily be understood and more cheaply installed. In dwelling houses, 
branches to the several fixtures or groups of fixtures may be taken from 
the hot and cold water supply mains at some convenient point in the 
kitchen. A suitable place for the grouping of valves, branches, and 
drains is over the kitten sink. Another convenient place is back of 
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the kitchen range boiler as shown in Fig. 1575A. This system makes it 
possible to cut off quickly the supply of water from any branch that is 
out of order. In the installation of water supply systems in large build- 
ings, the distributing manifold is usually located in the basement or 



Eange Boiler 

cellar, and a separate line of supply pipes taken from the manifold to 
supply each rising line and separate group of fixtures in the building. 

After leaving the distributing manifold, the hot and cold water pipes 
are usually together in the system. 
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Economy in the design of a building requires that the pipe outlets 
be located reasonably near each other. In dwellings the outlets are 
preferably over each other and over the kitchen outlets. Outlets in 
adjacent rooms are placed on opposite sides of the same partition. If 
more than one set of supply pipes is needed, the second set also has its 
outlets over each other or on opposite sides of a partition. Proper 
design of the water supply system of a building will make it unnecessary 
later to correct this error by running exposed pipes inside a room. 

1576. House-drainage System. — The general principles governing 
house drainage are to insure the necessary slopes to pipes, to make the 
system of piping simple, short, and readily accessible, and to provide 
for their ventilation and for the removal of obstructions. 

The supply of water must be sufficient in volume and pressure to flush 
all the fixtures at the same time. The fixtures must be of porcelain 
enamel or some other dean non-absorbent material. The pipes must 
be such as will neither corrode easily nor be affected by sudden changes 
of temperature. 

1577. The general system of house drainage (Fig. 1577A) consists 
of one or more vertical soil and waste pipes which receive the wastes 



ftom the fixtures and which empty into the house-drain. The house 
drain usually is a heavy cast-iron pipe with leaded joints. For ordinary 
houses, it is 5" in diameter and has a fall of at least V in 4'. The house 
drain is provided with cleaning holes at intervals, and a short distance 
beyond the exterior walls of a house empties into a stoneware pipe called 
the house sewer, which is drained by the street sewer. 

A soil pipe is a vertical pipe about 4" in diameter, which receives the 
discharge of a water-doset. It is a heavy metal pipe, usually cast-iron, 
which extends from a house drain to a point about 2' above the roof. 



Buildings. 


429 


At its base it is supported on a masonry pier; its upper end either is left 
open or is closed merely by a wire cage to prevent the ingress of ma- 
terials which might obstruct it, 

A waste pipe is a vertical pipe which receives waste from other sources 
than water-closets. It is supported below and terminated above like 
the soil pipe. The diameter of a waste pipe is usually 3", but the length 
above the roof is enlarged to 4" in diameter to prevent its being closed 
by frost. The pipes which carry the waste from the fixtures to the soil 
and waste pipes are called branches. 

1578. Traps. — A trap is any contrivance which, inserted in a pipe, 
will automatically prevent a passage of air or gas. The ordinary form 
of trap is a U-shaped pipe filled with liquid. (Fig. 1578A.) The depth 



of the seal is the difference of level of A and B, which does not ordinarily 
exceed 4". It is evident that no air can pass the trap so long as the U- 
shaped pipe is filled above the level of B. The water seal may be removed 
in one of the following ways: 

a. By evaporation. This occurs in houses which are unoccupied for 
some time. To prevait this, the water may be replaced by some oily 
liquid like glycerine, which is not easily evaporated, or the inlet may be 
plugged if the fixture is not too frequently flushed. 

b. By capillary attraction. If a piece of waste or doth is caught in 
the water of the trap and the other end extends into the branch CD, the 
water will be dowly drawn into the branch CD by the capillary attraction. 

c. By difference of presstffe. If the pressure due to air or gas is 
PTinngh greater in CD than at A, the water will be forced out of the tube 
AB and the air or gas will escape. 

d. By siphonage. If the pipe from C to D runs full, a siphon will be 
formed which will drain the trap. It can be prevented by making an 
air inlet above C as shown in the figure. The vent pipe to which the 
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air inlet is connected is carried to a point above the roof, or is connected 
to a soil or waste pipe above the highest branch. 

Ventilation. 

1579. In a properly designed heating system, provision must be made 
for raising to room temperature the cold fresh air required for ventilation. 
A study of heating must therefore include a study of ventilation, and, 
in practice, it will be found that the apparatus used for ventilation is 
always a part of the heating system. 

1580. Amount of Ventilation Bequired. — Authorities differ on the 
amoimt of air required for ventilation. However, in practice, the 
minimum quantity of fresh air per occupant that should be furnished for 
various types of buildings, under average conditions, may be taken as 
follows: 

Schools and churches 1800 cu. ft. per hour 

Theaters and auditoriums 2000 cu. ft. per hour 

Hospitals 4000 cu. ft. per hour 

When objectionable gases or contagious diseases have to be considered, 

the values given above must be increased considerably. 

1581. Ventilating Methods. — Natural ventilation includes all ventila- 
tion produced without positive means for admission and escape of air. 
In buildings of ordinary construction, any room will receive some ven- 
tilation whenever its temperature is above or below that of the suiround- 
ing air, by the leakage around the doors, windows, etc. In a room 
heated by an ordinary stove, it is foimd that the air will be changed from 
one to three times an horn*, even when no air is purposely admitted for 
ventilation. For private residences, especially if the principal rooms are 
provided with fireplaces, heating by hot air or indirect radiation will 
generally afford sufficient ventilation, and only in exceptional cases will 
it be necessary to resort to mechanical devices for the admission and 
escape of air. 

Systematic ventilation is necessary in buildings in which people con- 
gregate, such as churches and theaters; and provision must be made for 
the admission and escape of air through flues or definite openings and for 
powa* for moving the air. (See Fig. 1581A.) The air may be moved 
by expansion due to heat or by fans. The latter method is the one most 
used since it sdfords ventilation in summer as well as winter. Ventila- 
tion by fans may be accomplished by forcing the air into a room or ex- 
hausting air from it. The ^haust system is not recommended. The 
quantify of air passing through a flue or opening is measured by multi- 
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pl34ng the net area of the opening by the velocity of the air. In order 
to prevent objectionable dr^ts, the velocity of the air through an inlet 
register for a room should not exceed five feet per second. 

Heating. 

1582. Amount of Heat Required. — In order to maintain standard 
room temperature, the heating apparatus must supply heat to replace 
that lost through the walls, floors, and ceilings, and, in addition, the heat 
necessary to warm the cold fresh air used for ventilation. Heat is lost 
by conduction through walls, floors, and ceilings, and by diffusion through 
cracks around doors, windows, etc. 

The heat lost by conduction can not be determined exactly. It is a 
function of the difference in temperature between the inside and outside 
air and depends upon the thickness and character of the walls, their 
surface areas, and the presence or absence of air spaces. Carpenter’s 
formula, used extensively and successfully for estimating the loss of 
heat by conduction from a building is as follows: 

H = {Ao+ (Tr - r„) (1582A) 

In which: 

H = Amount of heat lost in B.T.U. per hour. 

At, = Area of windows and outside doors in square feet. 

Aw = Area of exposed wall surface in square feet. 

Tr = Room temperature in degrees F. 

To = Outside temperature in degrees F. 

In computing exposed wall surface (A*, in the formula), ceilings and 
partitions adjacent to unheated rooms should be taken from 30 per cent 
to 50 per cent exposed. 

The heat lost by diffusion, by leakage through cracks around doors, 
windows, etc., is even more indeterminate than that lost by conduction, 
since it depends upon the care with which the building was constructed 
and upon the exposure. Expressed in B.T.U., the heat lost in escaping 
air is equal to the weight of the air lost times its pacific heat times the 
difference in temperature between the room and the outside. It takes 

of a B.T.U. to raise the temperature of one cubic foot of air^ at ordi- 
nary pressure, one degree F. Using 0.02 for this quantity, Carpenter 
gives the following formula for the heat lost by leakage, or diffusion: 

H = 0.02 nV (Tr - To) (1582B) 

in which 

H = Amount of heat lost in B.T.U. per hour. 

n = Number of times air in room is changed per hour. 
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V = Volume of room in cubic feet. 

Tr = Room temperature in degrees F. 

To = Outside temperature in degrees F. 

For the direct heating of residences, n should be taken as 3 for halls, 
2 for first floor rooms, and 1 for rooms on the upper floors. 

1583. Heating Fresh Air Used for Ventilation. — ^Where the heating 
apparatus furnishes fresh air for ventilation, the amount of this air can 
be computed. Its temperature on entering the room must be high 
enough so that on cooling to the desired room temperature it will give 
up sufficient heat to supply that lost by conduction through the walls. 

The following table, giving the properties of diy air, will be useful in 
making calculations: 


PKOPERTIES OF DRY AIR 


Temp, degrees F. 

Cubic feet per pound 

B.T.U. per pound above 0° F. 

0 

11.58 

0.0 

70 

13.35 

16.90 

80 

13.60 

19.32 

90 

13.86 

21.74 

100 

14.11 

24.16 

110 

14.36 

26.58 

120 

14.62 

29.00 

130 

14.88 

31.42 

140 

15.13 

33.85 


1584. Contract Requirements. — ^Most contracts for heating plants 
contain specifications which state that the apparatus shall be capable 
of heating the house (or rooms) to a stated temperature wh^ the external 
temperature is - • • ® F. The external temperature specified is the 
lowest that is likely to prevail for several consecutive days in the locality 
in question. The following desirable room temperatures are quoted 
from Greene’s Elements of Heating and Ventilation: 


Bathrooms 

Ho^itals 

Shops for light work 

Entrance coiridors 

Gymnasiums and workshops 
Houses, Offices, and Sdiools . 
Lecture halls 


72° F. 
72° F. 
64° F. 
60° P. 
55° F. 
70° F. 
66° F. 
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1585. Systems of Heating. — ^Leaving stoves and fireplaces out of 
consideration, the systems ordinarily employed for heating may be 
classified as follows: 

а. Hot air. 

б. Steam. 

c. Hot water. 

1586. Hot Air Systems. — In a hot air system, heated air from the 
furnace is introduced through leaders, stacks, and registers into the 
room. This air is at a higher temperature than the room, and, in flowing 
across the ceilings and down by the walls, heat is abstracted until it is 
eventually cooled to the desired room temperature. Fresh warm air 
from the furnace then forces the air that has been cooled to room tem- 
perature out of the room through cracks, fireplaces, etc. A heat balance 
may therefore be written as follows: the heat given up by the entering 
air equals the heat lost by conduction. 

If we assume that the volume of the entering air is equal to that lost 
by diffusion, and solve the heat balance equation for the temperature 
of the entering air, it is usually found that this temperature is too 
high for comfort. Consequently in practice a reasonable value for this 
temperature is assumed and the heat balance equation then solved for 
the volume of the entering air. Carpenter recommends 120° F., and 
Gi^ene 130° F. as the proper values for the temperature of the entering 
air. 

A hot air fomace (Fig. 1586A) may be described as a stove surrovmded 
by an air chamber. The air to be heated entas at the base of the air 
diamber, passes over the hot surfaces of the stove, and is then conducted 
by hot air pipes to the various rooms. The cold air supply for the fur- 
nace comes from the outside, through a suitable screen or filter, into a 
flue connected with the air chamber of the furnace at its base. This 
flue is called the “ cold air box,” and most authorities recommend that 
its area of cross-section be made equal to the sum of the areas of cross- 
section of all the leaders from the furnace. In addition to this supply 
of air from the outside, it is customary, in cold climates, to install an 
air duet leading from the hall down to the base of the furnace air cham- 
ber. In very cold weather the supply of cold air from the outside is 
partially, or entirely, shut off from the furnace and warm air from the 
house fed back into it by means of the air duct from the hall. This 
procedure, however, is apt to result in poor ventilation unless care is 
exercised in regulating the proportions of fresh and stale air admitted 
to the furnace. The capacity of a furnace must be sufficient to fumMi 
the B.T.U. necessary to raise the total volume of air required for heating 
the house from outside temperature to the temperature selected for it 
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when it enters the rooms. The ordinary hot air furnace will bum about 
3 pounds of coal per square foot of grate area per hour, and has an 
efficiency of about 65 per cent. The heating value of coal ordinarily 
used may be taken at 13,000 B.T.U. per poimd. 


1587. Hot Air Pipes and Registers. — The force which causes hot air 
to flow from furnace to room results from the difference in densities of 
the cold air outside and the warm air inside the furnace and pipes. An 
equation can be written for this flow, but in practice it is customary to 
assume velocities of flow in hot air pipes which have been shown by 
experience to give satisfactory results. For residence heating. Carpenter 
gives the following values for these velocities: 


Pipes leading to 1st story rooms 
“ “ “ 2nd “ 


3 feet per second 


5 

6 


it ct 

tc ct 


a 

ct 


Using the above values, and knowing the volume of air to be supplied 
each room, the computation of the proper size for air pipes is a simple 
matter. The net area of registers is determined by the velocity with 
which heated air can be introduced into the rooms without causing 
excessive drafts. Carpenter recommends a velocity, at the registers, 
of about 3 feet per second. 

1688. Vent Ducts. — Generally, in a hot air system of heating, a greater 
volume of air is introduced into the room than is lost through the cracks. 
Unless an exit is provided for this excess of air a slight pressure will build 
up in the room, the velocity of flow to the room will be decreased, and 
insufficient heat will be supplied to maintain the temperature at the 
desired point. For this reason, it is good practice to provide vent ducts 
connecting each room, by registers near the floor, with either the attic 
or the outside. Open fireplaces, although very inefficient as a means of 
heating, are valuable adjuncts to any system of ventilation, since large 
quantities of air are drawn through them and discharged up the chimney. 
Consequently in rooms having fireplaces there is no need for vent ducts. 

Advantages and Disadvantages. — A hot air heating system is cheap to 
install, has a low cost of maintenance, and is not hard to manage. Its 
operating cost is little, if any, greater than that of hot water or steam 
system of equal capacity. Unless the installation is first class in every 
reject and the fire is handled carefully, overheating of the air, mixture 
of gases of combustion with the air, and poor distribution of heat are 
likely to take place. 

1589. Steam and Hot Water Systems. — A steam, or a hot water, 
heating plant consists essentially of the radiators, the boiler, and the 
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system of piping connecting the former with the latter. Steam, or hot 
water, from the boiler is circulated through the piping and radiators; 
in these the steam condenses giving up its latent heat and the water gives 
up some of its heat, thus wanning the rooms. In the usual hot water 
installation, the boiler, pipes, and radiators are kept full of water at aU 
times, an expansion tank being provided to compensate for the increase 
in volume of the water when heated and to prevent explosions in case 
of generation of too much steam (Fig. 1589A). 

Radiators are generally made of iron in the form of pipes or castings, 
the assembly being such as to permit a free circulation of air aroimd the 
outside, and of steam or hot water inside. The thickness of metal in 
radiators should be the nainimum necessary for strength. Radiators 
may be divided into three classes: 

a. Direct. 

h. Indirect. 

c. Direct-indirect. 

Direct radiators are those placed in a room to warm the air already 
there. Such an installation is the cheapest, and the one usually found 
in residences where no special provision for ventilation is necessary. 
Indirect radiators are those installed in a box, or casing, outside the room 
to be warmed. (See Fig. 1589C.) The box, or casing, is provided with 
an inlet for fresh air from outside the house, and a hot air flue leading to 
the room. Indirect radiation is used only in connection with systematic 
ventilation where fans are employed to force the heated air into the 
rooms from which it escapes through ventilating ducts. Direct-indirect 
radiators (see Fig. 1689B) are placed within the room to be heated, but 
fresh air is a dmi tted to the room in such a manner that it first comes in 
contact with the radiators, is heated, then circulates around the room, 
and finally passes out through cracks, fireplaces, or ventilating ducts. 
Direct-indirect radiation requires no power for the flow of air into the 
rooms, and will ordinarily provide ample ventilation for living rooms and 
ofiices. 

1590. Capacity of Radiators. — ^Radiators are measured by the amount 
of heating surface coming in contact with the air. The heating surface, 
measured in square feet, for different types and sizes of radiators may be 
found in tables published in handbooks, or in catalogues of manufac- 
turers. The amount of heat, or the B.T.U. given off per square foot of 
radiating surface per hour, vari^ with the difference in temperature 
between the steam, or hot water, inside the radiator and the air in the 
room, also with the dass of radiator, its size, shape, and type of con- 
struction. Tables for computing this value for different types of radia- 
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tors under varying conditions may be found in handbooks and cata- 
logues. For ordinary house heating, it may be assumed that a steam 
radiator will give off 250 B.T.U. per hour per square foot of radiating 
surface. The capacity of hot water radiators is about one-half that of 
steam radiators. 

1591. Boilers. — Although tubular boilers are still used extensively 
in large central heating plants, they have, for the most part, been super- 
seded by sectional cast-iron boilers (see Fig. 1591A) for the heating of 



Common Type of Cast-Iron Sectional Boiler. Note Headers at Sides 
and Top Acting as Drums (American Technical Society) 

Fig, 1591 A 


residences and public buildings. There are a great many ts^pes and 
makes of sectional cast-iron boilers. Most of them are capable of being 
used for both steam and hot water heating. They are usually rated by 
the manufacturers according to the amoimt of direct radiating surface 
they will supply. In practice, dependence must be placed largely upon 
the manufacturer’s rating, but in arriving at the required rating for a 
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boiler, the total actual direct radiating surface that it ^vill have to supply 
should be increased about 50 per cent as a factor of safety. In making 
computations, one square foot of indirect radiating surface should be 
taken as equal to one and three-quarters square feet of direct radiating 
surface. 

1592. System of Piping. — For steam heating, the systems of piping 
usually employed are the ordinary one-pipe system and the two-pipe 
system. In the former, but one coimection is made to each radiator. 



(American Technical Society) 

this connection serving both as an inlet for the steam and as an outlet 
for the water of condensation (Fig. 1592A). In the latter, there is a 
supply pipe and a return pipe for each radiator (Fig. 1592B)- The two- 
pipe system is expensive, and not used generally in steam heating except 
for indirect radiators which must always have two connections in order to 
function properly. 

In hot water heating, although one-pipe systems may be used, it is 
considered the best practice to have a supply pipe and a return pipe for 
each radiator. Rules and tables for computing the size of pipe, etc., for 
both steam and hot water heating will be foimd in handbooks. 

‘ 1593. Advantages and Disadvantages. — On account of the larger 
radiating surface and the more elaborate system of piping required for 
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4 ArraDgement of Piping and Radiators in “Two-Pipe” System 


(American Teckaical Society) 

a hot water system, its first cost is usually about one-third greater than 
that of a steam system of the same size. In cold weather, when heating 
plants must be run to fidl capacity, steam and hot water systems have 
about the same operating cost, and give equally satisfactory results, but 
in moderate weather the hot water system consumes less fuel and affords 
a better regulation of heat. A building can not be heated as quickly by 
hot water as by steam, and it is more difficult to secure circulation in a 
large hot water plant than in a large steam plant. Hot water radiators 
require more space than steam radiators, and can not ordinarily be used 
for indirect radiation without danger of freezing. Steam is therefore 
generally employed for heating buildings provided with systematic 
ventilation. 

In selecting a heating plant for residences there must be considered 
the size and type of building, the climate, the first cost, and the cost of 
operation. The latter, for any heating system, will dep^d largdy on 
the operator. As a general rde it is believed that hot air systems are 
best for small dwellings, hot water (or steam) ssrstems for large residences 
or apartments. 

Large public buildings, hospitals, etc., as a rule, require systematic 
ventilation which ordinarily necessitates some form of steam heating. 
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If the buildings are in groups, it is the best practice to heat them from a 
central plant. 

Lighting. 

1594. Electric lighting of buildings is in general use. The use of 
electricity is desirable in the following eases: 

Units less than 60 candle power required. 

Lamps in inaccessible positions. 

Lamps lighted at infrequent intervals. 

Lamps placed very close to ceiling (12" or less). 

Non-rigid fixtures. 

However, gas is still extensively used for lighting, especially where 
it is also used for other purposes in the same building. From the hy- 
gienic point of view, there is little to choose between gas and electricity 
for lighting. Contrary to the general opinion, experiments show that 
gas lighting improves the air for breathing purposes. 

1595. There are three general systems of illumination, namely: 

c. Direct Lighting. A system is designated as “ direct ” when more 
than one-half the light reaches the area to be illuminated by coming 
directly from the light-source, without being reflected from the ceiling 
or walls. It is the most efficient system, was the first to be used, and is 
still the most common. The color of the walls or ceiling has less effect 
in this system than in others. 

b. Indirect Lighting. A system is designated as “indirect” when 
all the light is thrown first on the ceiling and walls, and reflected from 
these to the surface to be illuminated. Light finish must always be 
used on walls and ceiling with this system. The efficiency is usually 
lower than that of a direct system. 

c. Semi-indirect Lighting. This system throws most of the light to 
the walls and ceiling, but allows a small percentage to be diffused through 
the r^ector straight to the area to be illuminated. This system is 
rapidly coming into favor. 

1596. The following table shows the amount of gas or of electric power 
required to illuminate rooms for various purposes: 
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Class of service 

Cubic foot of 
gas per square 
foot per hour 

Watts 

per 

square foot 
per hour 

Auditorium 

0.045 

1.2 

Factory (general illumination) 

0.015 

0.5 

Hospital ^operating room) 

0.145 

3.7 

HotSl (restaurant) 

0.065 

1.6 

Library (reading room) . 

0.055 

1.4 

Office (banking and accounting) 

0.06 

1.5 

Residence (bedroom) 

0.012 

0.3 

R^idence (dining room) 

0.038 

0.9 

Residence (living room) 

0.038 

0.9 

School (class room or business colleges) 

0.058 

1.4 



1597. Gas Lighting. — Ordinarily wrought-iron pipe, such as is used 
for steam or water, is suitable and proper for all kinds of gas. Gal- 
vanized malleable-iron fittings are superior to plain iron. The coating 
of zinc on the inside and outside effectively and permanently covers all 
blow-holes, makes the work solid and durable, and avoids the use of 
perishable cement. Before the pipe is placed in position, it should be 
looked through and blown through. It is not infrequently obstructed, 
and this precaution wiU save much damage and annoyance. The size of 
the pipe decreases (Fig. 1597A) from the main riser to the extreme outlet. 
Gas company rules generally require that no house riser shall be less than 
I", no house pipe less than f ", and no gas range pipe less than f Flow 
of gas is reduced, as in the case of water, by friction, bends, and elbows 
in pipes. Tables are used, showing the number of inlets and distances 
which can be supplied with gas pipe of certain sizes. As shown in Fig. 
1597A, the gas pipes may vary from about li" at the gas riser to at 
the extreme outlet. 

1598. Electric lighting. — The dectric wires should all be carried in 
conduits, and it is so required in fir^roof buildings. The two conduits 
in general use are: (1) Lined mild-steel pipe; (2) fiexible armored circuit. 
Whenever branches are taken off, junction boxes should be used. 

The lamps are ordinarily placed in parallel, two-wire or three-wire 
systems. The voltage in common use is 110 volts at the incandescent 
lamp; the current is direct or alternating, the latter being used in the 
majority of cases in modem buildings. The National Board of Fire 
Underwriters issues tables showing the current-carrying capacity of 
wire and cables, which must be followed as a pr eliminar y to insurance. 

1599. Problem. — A dweUitig house of wooden construction measures 80' X 50' 
around the outside; it has 2 stories each 8' in height; the surface of the windows and 
doors amounts to | the total exposed surface of the building. The attic and cellar are 
unwarmed. If 8000 B.T.U. are utilized from each pound of coal burned in the furnace 
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how many pounds will be required per hour to maintain a temperature of 70® when it is 
20° above zero outside? 

Solution. — Total exposure, 160 X 16 = 2560 

Windows and doors, J X 2560 = 512 

Net wall exposure, 2560 ~ 512 = 2048 

Allowance for unheated attic, 30 per cent of surface, = 0.30 X 30 X 50 = 450 

Temperature difference = 70 — 20 = 50° 

Using conduction formula, 

H = (Ao + i {Tr - To) 

= (512 + i X 2048 + i X 450) 50 = 56,825 B.T.U. 

Using diffusion formula, » = 2 for 1st floor, = 1 for 2nd floor, 

H = 0,02 nV (Tr - To) 

= 0.02 (2 X 30 X 50 X 8 + 1 X 30 X 50 X 8) X 50 - 36,000 B.T.U. 

Adding the two, the sum total of heat to be supplied is 92,825 B.T.U. 

With coal producing 8000 B.T.U. per pound, the total number of pounds needed 

will be = 11-5 pounds. 

For more detailed information see: 

Theory of Structures, Spofford. 

Foundations of Bridges and Buildings, Jacoby and Davis. 

Roofs and Bridges, Merriman and Jacoby. 

Tredgold's Carpentry. 

Cyclopedia of Architecture, Carpentry, Building. 

Concrete Engineer’s Handbook, Hool and Johnson. 

Treatise on Masonry Construction, Baker. 

Cyclopedia of Civil Engineering. 

Civil Engineering, Fiebeger. 

Architect’s and Builder’s Pocket Book, Eadder. 

International library of Technology. 

PROBLEMS. 

P. 1501. A masonry wall has a footing 3' wide. At a certain point on this wall a con- 
centrated load, which would independently require a footing whose area is 16 square feet, 
is placed on the wall in such a way that its center of gravity is 8" from the center line 
of the wall. Determine the dimensions of the enlarged footing necessary to support 
both the wan and the concentrated load at this point, and also how far the edges of the 
enlarged footing will be from the center line of the wall. 

P. 1502. The soil under a certain wall will support 3 tons per square foot. At the 
end of the wall a concentrated load of 31 tons is placed on the center line of the wall; 
the wall has a total load of 9 tons per running foot in addition to the concentrated load! 
Find the dimensions of the enlarged footing at the end of the waU. 

P . 1503. The footing for a wall is 8' wide, the pressure at one edge is 20 pounds per 
square inch and at the other edge is 8 pounds per square inch. What is the mean 
pressure, and where is the center of pressure? ^ 

P. 1604. A rectangular wall of masonry is 20' high, 40' long, and 6' thick; on one end 
of this wall is built a solid masonry tower, 6' square and 40' high above the top of the 
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wall. Weight of masonry, 150 pounds per cubic foot. Find maximum pressure per 
square foot on base of structure. 

P. 1505. A masonry column 100' high, of square cross-section, 10' by 10', is subjected 
to a wind pressure normal to one side of 30 pounds per square foot. Find the greatest 
unit pressure on the base. Masonry weighs 150 pounds per cubic foot. 

P. 1506. A wrought-iron bar 18' long and 1\" in diameter is heated to 400° F.; 
nuts on its ends are then screwed up so as to bear against the walls of a house which 
have fallen away from the perpendicular. Find the pull on the walls when the bar 
has cooled to 300° F. 

P. 1507. A wooden floor beam, 20' long, of rectangular cross-section 3" wide, is fixed 
at one end and supported at the other, and bears a uniformly distributed load of 60 
pounds per linear foot. What must be the depth of the beam in order that the great- 
est deflection shall not exceed of the span? 

P. 1508. A steel I-beam, 20' long, projecting from a wall, bears a uniformly distributed 
load of 200 pounds per linear foot. Select the beam that will safely bear the load. 

P. 1509. Select a latticed channel bridge column 14' long to safely carry a load of 

98.000 pounds between two panel points, both ends being riveted. 

P. 1510. Find the safe compression that may be safely carried by a latticed channel 
bridge column composed of two square ended 12" 30 pound channels of medium steel, 
28' long. 

P. 1511. Select a steel column, square at both ends and 18' long, composed of two 
channels and two plates riveted to the channel flanges, which will safely bear a load of 

150.000 pounds. Column of least weight required. Factor of safety equals 4. 

P. 1512. Select a square ended column 18' long, composed of plate and four angles, 
to safely bear a load of 150,000 pounds. 

P. 1513. Design a Z-bar column of medium steel to carry 20 tons, square ended, 14' 
long. 

P. 1514. How much may be safely carried by a hollow circular cast-iron post 20' 
long, J" thick and lOi" interior diameter, if ends are square? 

P. 1515. Design a hollow cast-iron square-ended column 22' long, to carry 18 tons. 

P. 1516. A hollow cast-iron piUar 12' in height, with square ends, has to support a 
steady load of 33,000 pounds; its internal diameter is 5§", Find the thickness of the 
metal, the factor of safety being 6. 

P. 1517. What is the safe uniformly distributed load on a 6" I-beam, resting on end 
supports 20' apart, if the deflection is limited to of the span? E = 30,000,000; 
J = 24; weight of beam equals 14.75 pounds per linear foot. 

P. 1518. The joists in a warehouse floor are 8" X 12", supported every 16', and 
spaced 2' apart. The flooring is 2" thick. Flooring and joists" are of longleaf yellow 
pine. What uniformly distributed live load will the floor support safely? 

P. 1519. A warehouse floor supports a uniformly distributed load, including its 
own weight, of 420 pounds per square foot. It is supported by square longleaf pine 
columns, 10' long, spaced 12' center to center in each direction. Determine proper 
size of columns. 

P. 1520. If the floor in Problem of paragraph 1522 were reinforced by an additional 
support in the center of each span, how high could the canned goods be piled without 
exceeding the allowable load? 
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P. 1521. Determine the allowable floor load for a floor 3" thick supported on joists 
6" wide, 10" deep, spaced 2' apart, and having a 10' span; floor made of long leaf yellow 
pine. 

P. 1522. Determine the size of I-beams to be used as joists for a 12' span, in a wooden 
floor carrying a live load of 400 pounds per square foot. Assume spacing. 

P. 1523. Make out a bill of material for a balloon frame shed (excluding the roof 
and floor), walls 10' high in front, 9' high in rear, floor dimensions 8' deep by 12' long, 
with door 6' X 3' in one end, and window 4' X 3' in the other. 

P. 1524. What is the weight of a brick wall 2' 4" thick, 12' long, 15' high? How 
many bricks are required to build the wall? 

P- 1525. (Fig. P. 1525.) By the analytical method of concurrent forces, find the 
stresses in the members of the truss with the loading given. Assume AC = CD. 



P. 1526. (Fig. P. 1526.) By the method of sections, determine the stresses in the 
following members: — 

(a) BD. (jb) CC. (c) DC. 



P. 1527. (Fig. P. 1527.) By the method of sections, find the stresses in all the 
members with the loading given. 


97r 
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P. 1528. (Fig. P. 1528). By the method of sections, find the stresses in the dif- 
ferent members of the truss with the loading given. 



Fig. P 1528 


P. 1529. (Fig. P. 1529.) The figure represents a structure attached at three points 
to solid rock by three hinges. Determine by graphics the reactions and the stresses in 
the members. 





Fig. P 1529 


P, 1530. (Fig. P. 1530.) AB is the reaction at one point of support of a truss, and 
BC and CA are the members intersecting at this point of support. Find graphically 
the stresses in the members BC and CA, in order that there may be equilibrium at the 
point. 



Fig. P 15S0 


P. 1531. (Fig. P. 1531.) The figure represents a truss and its applied load. By 
graphics determine the reactions and the stresses in the members. 



Fig. P 1531 
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P. 1532. (Fig. P. 1532.) With the system of concurrent forces given, find the di- 
rection and intensity of the resultant by graphical statics. 


7J 



Fig. P 1582 


P. 1533. (Pig. P. 1533.) The figure represents three weights suspended by a rope 
over two pulleys without friction. By graphics determine the position of the point S. 



Fig, P 1538 


P. 1534. (Fig. P. 1634.) This represents a beam 30' long, resting on two supports, 
and acted on by three forces as shown. Find the position and the intensity of the re- 
sultant by Graphical Statics. 





Fig. P 1534 


P. 1535. (Fig. P. 1535.) (a) Find the resultant of the given forces by means of 

the equilibrium polygon. 

(h) The reactions are parallel. Find them by means of the equilibrium polygon. 

(c) Check by use of proportional triangle. 
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P. 1536. (Fig. P. 1536.) (a) Find the intensity and direction of the resultant of 
the applied loads graphically. 

(b) Find the point of application of the resultant graphically. 

(c) Determine completely the two parallel reactions graphically. 



Fig. P 1536 


P. 1537. Solve Problem P. 1536 analytically. 

P. 1538. (Fig. P. 1538.) This represents a truss suspended at the left end by a tie 
and resting on a fixed support at the other end. It is subjected to the loads shown 
in the figure. Assuming that the resultant cannot be found without the use of the 
equilibrium polygon, find the reactions. 


JO 



Fig. P 1538 


P. 1539. (Fig. P. 1539.) This truss has a dead load of 4 tons per panel point of the 
lower chord and a live load of 8 tons per panel point of the lower chord. Find graph- 
ically the stress in each member when the live load covers the truss. 



Fig. P 1539 

P. 1540. (Fig. P. 1540.) The dead load per panel point of the lower chord is 9 tons 
and a concentrated live load of 21 tons is at the panel point HDEFG. Find graphically 
the stress in each member of the truss. All triangles of the figure are equilateral. 





Fig. P 1540 
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P. 1541. (Fig. P. 1541.) Find graphically the stress in each member of the truss 
and the parallel reactions. 



P. 1542. (Fig. P- 1542.) Find graphically the stress in each member of the truss. 



P. 1643. (Fig. P. 1643.) By graphics find the stress in each member of the truss. 



P. 1544. (Fig. P. 1544.) By graphics determine the reactions and the stress in 
each member of the truss. 



P.1545. (Fig, P. 1545.) 
ber of the truss. 


Find graphically the reactions and the stress in each mem- 



Fig. P 1645 
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P. 1546. (Fig. P. 1546.) By graphics determine the reactions and the stress in each 
member of the truss. 



P. 1547. (Fig. P. 1547.) By graphics determine the reactions and the stress in each 
member of the truss. 



P. 1548. (Pig. P. 1548). Find graphically the reactions and the stress in each mem- 
ber of the truss. 



P. 1549. (Pig. P. 1649.) Find graphically the reactions and the stress in each mem- 
ber of the truss. 

looo 



Fig. P 1549 
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P. 1550. (Pig. P. 1550.) The figure represents a truss and its applied load. By 
graphics determine the reactions and the stresses in the members. 



Fig. P 1550 


P. 1551. (Pig. P. 1551.) Find by graphics the stresses in the members of the truss. 

20 



P, 1552. (Fig. P. 1552.) Find graphically the reactions and the stress in each mem- 
ber of the truss. 



Fig. P 155B 


P. 1653. (Fig. P, 1553.) Find graphically the reactions and the stress in each mem- 
ber of the truss. 



Fig. P 1553 
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P. 1554. (Fig. P. 1554.) Find graphically the reactions and the stress in each 
member of the truss. 



P. 1555. (Fig. P. 1556.) Find graphically the reactions and the stress in each 
member of the truss. 



P. 1556. (Fig. P. 1556.) Find the center of gravity of the figure by the method of 
graphical statics. 



Fig. P 1556 


P. 1557. (Pig. P. 1657.) Find the center of gravity of the figure by the method 
of graphical statics. 



Fig. P 1557 
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P. 1558. (Fig. P. 1558.) Find the center of gravity of the figure by the method of 
graphical statics. 



Fig. P 1558 

P. 1559. (Fig. P. 1559.) The figure represents a beam of 30' span resting on end 
supports and loaded as shown. Find the dangerous section and the bending moment 
(in foot-pounds) by the graphical method. Check the bending moment analytically. 



Fig. P 1559 

P. 1560. (Fig. P, 1560.) (a) ML, LK, KN and NM are separate members attached 

at the point MLKN, T^nd graphically the reactions and the stress in each member 
of the truss. 

(6) Omit the wind loads and assume that ML and N K form a continuous member, 
there being no connection between these members at the point MLKN. Find graph- 
ically the reactions and the stresses in the members. 



P. 1561. In a residence heated by the hot air system, there is a second story room 
14' square with a ceiling height of 10'. The room is exposed on two sides and has 
four windows each 6' by 3'. The attic over the room is unheated. Hot air is admitted 
to the room through a single flue and register. Determine the area of cross-section 
of the flue, and the net area of the register, in order that the room temperature shall 
be maintained at 70° F., when the outside temperature is 0° F. 

P. 1562. The heating of a small dwelling by hot air requires a total of 40,000 cu. ft. 
of air per hour, delivered to the rooms at a temperature of 130° F. The furnace is 
supplied with fresh air entirely from outside. The minimum outside temperature is 
0° F. Determine the grate area of the furnace. 
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P. 1563. The living room in a house heated by direct hot water radiation is 16' 
square and has a ceiling height of 12'. It is exposed on two sides. In one of the ex- 
posed walls there is a window 6' by 6', in the other there is a door 3' by S', and a window 
4' by 6'. What is the total square feet of radiating surface required for the room? 

P. 1564. An auditorium, seating 500 persons, is 120' long, 60' wide, and has a ceiling 
height of 20'. Both of its longer sides are exposed, each containing 8 windows 4' by 
10'. It is heated and ventilated by air forced in by fans and escaping through suitable 
vent ducts. What should be the volume of air supplied, and what should be its tem- 
perature on entering the room when the outside temperature is 0° F.? 

P. 1565. An electric heater having a resistance of 3 ohms is to supply 3000 B.T.U. 
per hour. What current will be required? (Assume formula, H - .24 PRt, H being 
in calories, and 1 B.T.U. = 252 calories.) 

P. 1566. A room 15' square and 10' high has two exposed walls, one toward the 
north and the other toward the west. There are 4 windows, each 3' X 6' in size. With 
air changed once an hour by leakage, what will be the heat loss with an inside tempera- 
ture of 70° F. when the outside temperature is 0° F.? 

P. 1567. A dwelling house of average wooden construction measures 60' X 40' 
on the outside, and has 3 stories each 9' high. Compute the heat loss when the tem- 
perature is 10° F. below zero, the inside temperature being 70° F. 

P. 1568. A first-floor room has a computed loss of 27,000 B.T.U. per hour when it 
is 10° F. below zero. The air for warming is to enter through two pipes of equal size, 
at a temperature of 120° F. What will be the required diameter of the pipes? 

P. 1569. The heat loss from a building is 168,000 B.T.U. per hour and the ratio of 
heating to grate area is such that not over 3 pounds of coal per hour can be burned per 
square foot of grate. What ratio of heating to grate area will be necessary, and what 
will be the required grate area? 

P. 1570. A school has 10 classrooms, each occupied by 50 pupils. Air is to be de- 
livered to the rooms at a temperature of 70° F. What will be the total horse power re- 
quired to heat and ventilate the building at 0° F. outside temperature, if the heat loss 
through walls and windows is 1,500,000 B.T.U. per hour? 

P. 1571. A li" pipe 100' long connected with a cistern is to discharge 35 gallons per 
minute. At what elevation above the end of the pipe must the surface of the water in 
the cistern be to produce this flow? 

P. 1572. A schoolroom is to be warmed with circulation coils of IJ" pipe; heat loss, 
30,000 B.T.U. per hour. What length of pipe will be required? 



CHAPTER XVI. 


BRIDGES. 

1601. Definitions.— A bridge (Fig. 1601A) is a structure over a 
depression, usually a water-course or a valley, carrying a passageway be- 
tween the two sides. A bridge over a dry depression, especially if the 
bridge is of considerable length, is often called a viaduct. If the viaduct 
supports an artificial channel for conveying water, it is called an 
aqueduct,* and where it crosses a stream, it is frequently called an 
aqueduct-bridge. 



1602. The essential parts of a bridge are the substructure, by means 
of which the passageway, is elevated, and the superstructure. The 
substructure is composed of abutments and piers; The superstructure 
varies with the character of the bridge, that for a truss highway bridge 
for example being composed of the flooring, stringers, floor beams, and 
trusses. 

* An aqueduct need not be supported; it may be a tunnel. 
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An abutment is one of the end supports of the superstructure. It 
carries one end of the bridge and in addition acts as a retaining wall to 
the approach embankment. 

A pier is one of the intermediate supports of the superstructure. 

The floor system is composed of the flooring, over which the travel 
passes; the stringers, which support the flooring; and the floor beams, 
which support the stringers and tr ansmi t the weight of the floor to the 
floor carriers. 

The floor earners are the plate girders, trusses, arches, or cables 
which support the floor system and transmit its weight to the abutments 
and piers. 

A span is that portion of the bridge between the centers of adjacent 
piers and abutments. 

A skew bridge is one whose axis is oblique to the longer dimension of 
its abutments. 


CLASSIFICATION OF BRIDGES. 

1603. Bridges may be classified as deck, through, and pony truss. 
Deck bridges have the floor at the top of the main superstructure as in 



Fig. 1603A. Through bridges have the greater part of the sui)erstruc- 
ture above the floor level, which gives ample room for overhead bracing 
to resist lateral forces (see Fig. 1603B). Pony truss bridges have part 
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Fii, 1603 B Through Bridge 


of the superstructure above the floor level but are not of sufficient 
height to provide overhead bracing. In this last type lateral stability 
is obtained by emplo 3 nng brackets or braces for each floor carrio:. 

Deck bridges are frequently used in railway construction because 
they are cheap, safe, and rigid. However, where a given clearance over 
a water course is required, they increase the cost of approaches, because 
the lowest element of the bridge must have the required amomit of 
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clearance, thus maTHug it necessary for the top of the approach to be at 
an increased height so as to make it the same height as the top of the 
truss. 

BRIDGE MATERULS. 

1604. The parts of a large bridge are nearly all of fireproof material. 
The piers and abutments are usually of stone, concrete, steel, or com- 
binations of these materials. The floor-carriers are generally of steel. 
The flooring is of wood, or of steel plates or reinforced concrete, covered 
with road surfacing material. 

The steel used in bridges is of the regular commercial shapes as made 
in rolling mills. In unusual cases, special pieces are made; but the reg- 
ular commercial shapes are so much cheaper, that the expense is materi- 
ally decreased by the use of these shapes even if the special pieces weigh 
less. All steel, whether of regular size or special shapes, is given a 
careful inspection at the mills or on the work before being placed in the 
structure. 

In small highway bridges, much wood is used; but steel is being used 
more and more in place of wood. When the expense is justified, the 
wood is treated with fire-resisting compounds. 

LOADS ON BRIDGES. 

1605. All bridges are designed to support dead and live loads. The 
dead load is the weight of the permanent parts of the bridge; the live 
load is the weight of any temporary load that may come upon the bridge. 

Dead Load. 

1606. The dead load on the foxmdation bed of a bridge is the weight 
of all of the permanent parts of the- bridge. The dead load on any par- 
ticular member is the weight of the member itself and that part of the 
weight of the bridge which is iransmitted to it by the other members. 
Thus, in a highway bridge, a stringer supports not only its own weight 
but also the weight of an area of planking whose length is that of the 
stringer and whose width is the distance between centers of adjacent 
stringers. A floor beam supports, in addition to its own weight, the 
weight of the flooring and stringers in an -area whose length is the dis- 
tance between centers of floor beams and whose width is the width of 
the flooring. This area is called a floor panel. 

It is impossible to determine the weight of all parts of a bridge until 
it is designed ; yet no member can be accurately designed until its weight 
is known. It is therefore necessary in all cases to make use of approxi- 
mate metiiods of solution, first assuming the weight, next designing with 
this assumed weight, then computing the actual weight and revising the 
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design. Experienced designers assume the weights so nearly correct 
that revision is not necessary. 

A preliminary estimate of the weight of a bridge may be made by 
consulting charts and empirical formulas in standard hand books. The 
best method is to use the actual weight of a similar structure of liks span 
which has been built. If the necessary data for this are not available, 
formulas may be used. Railway bridge formulas are more accurate 
than highway bridge formulas on account of the more rmiform character 
of railway loads. The following formulas are t37pical: 

For light country highway bridges, W = 250 + 2.5 L (Dufour) 

For first class railway truss bridges, W = 650 + 7 L (Tumeaure) 

For third class railway truss bridges, W = i (650 + 7 L) (Tumeaure) 
wher^ 

W = weight of steel per linear foot of span (including both trusses, 
with lateral trusses, bracing, &c) 

L = length of span in feet 

The weight of flooring for highway bridges may be assumed as 10 pounds 
per square foot of floor surface. For single track railway bridges the 
weight of track, ties, rails, &c may be assumed as 400 pounds per linear 
foot of span. A complete dead load formula for a highway bridge is the 
following (Waddell & Hedrick) : 

IF = 34 + 226 + 0.16 bL + 0.7 L 

whaa W is the total dead load in jKjrmds, L is the span in feet, and 6 
is the clear width of roadway and sidewalks in feet. 

Live Load. 

1607. The live load on any member is that part of a moving load that 
may be transmitted to it. The load that passes over a bridge may be 
concentrated, uniformly distributed, or both. The following live loads 
are considered in bridge design: pedestrians, vehicles, street cars, 
locomotives, impact, wind, snow, traction, and centrifugal loads. In 
designing a member the live load is taken as placed so as to give the 
TuaxiTnum stress in the member xmder consideration. The live load 
used in designing a bridge is the maximum that will pass over it. 

1608. Live Loads for Highway Bridges. — ^The live loads for highway 
bridges are usually assumed to consist of a uniform live load for the 
trusses and a uniform live load or a concentrated live load for the floor 
and its supports. The purpose, situation, and circumstances of use 
of the bridge must be carefully studied and the bridge designed for the 
expected rriaxiTmim loading. The customary uniform load is that of a 
crowd of men, which may reach a maximum of 150 pounds per square 
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foot. The cTistomaiy concentrated load is that of a steam roller, a truck, 
or a crowded electric street car. 

Modem highway bridges must support much heavier loads than 
formerly. The heaviest motor track in common use weighs 20 tons 
loaded, 14 tons on the rear axle, and 6 on the front, assuming that the 
truck is 50 per cent overloaded, which is not uncommon. The heaviest 
road roller weighs about the same. Military bridges in Prance were 
designed to carry the 40 ton tank. Uniform loading is sometimes used 
in highway bridge specifications in place of concentrated loads, and for 
long spans, the uniform load is reduced because of the fact that a crowd 
will certaMy not cover all of a long span. 

1609. Live Loads for Railway Bridges. — The loads for any particular 
railway bridge are not always the same on account of variation in weights 
and wheel spacings of engines and ears. It is customary to design the 
bridge for the heaviest train in use at the time of construction, or that 
could reasonably be expected to be built thereafter. Most railways 
specify that their bridges shall be computed by using two engines and 
tenders followed by a train. The spacing of the wheels and the load 
which comes on each wheel of the engine and tender are fixed by the 
railway company. The train is represented by a uniform load. For- 
merly there was great diversity of practice among different railwa^^ in 
regard to the engine and train loads specified, but of late years practice 
has tended to standardize in accordance with Cooper’s specifications 
for railway loadings. Cooper’s Class E-50 loading is given in Fig. 
1609A. The maximum live loads for railway bridges are, according to 
Cooper: 

Engine 9,800 pounds per linear foot 

Engine and tender. . . 8,126 pounds per linear foot 

Train 5,000 pounds per linear foot 

Concentrated load. . . 120,000 poimds distributed on 4 axles, 6' apart. 

1610. Impact. — When a load moves over a bridge, it causes shock 
and vibrations, thereby increasing the stresses in the members. This 
shock includes not only the effect of speed, but also the effects of flat 
wheels, unbalanced drivers, rough track, &c. We know from paragraph 
216 that the stress produced in a rod by a suddenly applied force is 
twice that of the same force gradually applied. An instantaneously 
applied force is not obtained in practice, as it takes time for a fast moving 
load to cross a short bridge; but although the effect is not double that 
of a static load, the stress is greatly increased. The American Railway 
Engineering Association uses the following impact formula: 

j p 300 

^ ~^L + 300 


(1610A) 
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in which, 

I = impact to be added to the stress due to a load passing over the 
bridge 

S = computed maximum stress due to the load that passes over 
the bridge 

L = length in feet of the portion of the span loaded to produce the 
maximum stress in the member. 

In the design of highway bridges, the impact on the floor may be 
taken as 50 per cent of the live load for a heavy truck load and 25 per 
cent for other live loads. 

Impact is not added to stresses produced by wind, centrifugal, or 
traction forces. 

1611. Wind Loads. — The pressure of the wind upon a bridge or 
viaduct tends to buckle the superstructure, move the structure on its 
supports, and overturn the piers, towers, and trestles. All these effects 
must be considered in bridge design. 

The intensity of wind pressure on any plane surface normal to its 
direction is expressed approximately by the formula 

P = 0.004 (1611A) 

in which, P = the pressure in pounds per square foot 
V = velocity of the wind in miles per hour. 

According to this formula the pressure of a wind whose velocity is 
100 miles per hour is 40 pounds per square foot. 

As the maximum pressure on small surfaces is much greater than on 
large ones, it is customary in this country to assume a pressure of 30 
pounds per square foot on large surfaces, and to increase this to 45 or 
50 whenever it seems desirable to increase the factor of safety, as on 
unloaded railway bridges. 

The wind pressure is greatest when its direction is normal to the vertical 
plane through the axis of the bridge, as it then acts on the largest surface 
and produces all the effects above described. If the wind blows parallel 
to the axis, its effect is felt principally by the supports. 

The pressure of the wind against the exposed surface of moving loads 
upon the bridge must also be considered. For example, in a railway 
bridge the most dangerous condition as regards wind is when a train 
of empty cars is passing over the bridge. An additional exposed surface 
about 14' high (the average height of the cars) and the length of the 
bridge or train (if shorter than the bridge) must be added to the exposed' 
surface of the bridge in calculation for stresses due to wind. 
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1612. Snow Loads are not ordinarily considered in the design of a 
bridge, as accumulated snow lessens the probable live load. 

1613. Traction Loads on a bridge are the longitudinal forces produced 
by starting or stopping a truck, or electric car, or train. The stopping 
or braking effect is usually much greater than the starting effect, and is 
maximum when brakes are set and wheels sliding. Traction load is 
ignored in design of truss bridges, but in railway trestles it is taken as 
20 per cent of the live load. In highway bridges and trestles it is so 
small as to be neglected. 

1614. Centrifugal Load is the effect of centrifugal force when a rail- 
way train moves on a curved track. On a bridge the extreme effect is to 
make a cantilever of each pier, with the train’s centrifugal force as the 
load at its extremity. A firm anchorage, and a gradual increase in 
breadth from top of bridge to bottom of foundation will be sufficient 
to overcome centrifugal load except in rare cases. 

1615. Problem. — Select the steel beams for a single track electric railway bridge of 
12' span canying a car with wheel loads (four wheels on each side) of 5000 pounds each, 
spaced at 5', 15', and 5' apart. Assume that track and ties weigh 400 pounds per 
linear foot, and that each beam weighs 40 pounds per linear foot. Allow 25 per cent 
for impact. 

Solution. — ^Two beams will be used; and each will carry half of the total load. On 
account of the relative lengths of the car and the span and the distances between wheel 
loads, only two wheel loads can come upon the beam at one time. Considering only 
one beam, we know from paragraph 411 that the maximum moment due to the live 
load alone will occur under one of the two wheel loads when that load is IJ' from 
the center of the beam and the other load is 3 i on the opposite side of the center. 

Live load moment = 3959 X 4| = 18,805 foot pounds 

Dead load moment at same point = 4132 foot pounds 
Impact = 25 per cent of 18,805 — 4701 foot pounds 

Total moment = 27,638 foot pounds. 

To obtain the maximum shear in each beam, we know from paragraph 404 that the 
TnaxiTnum shear for a load is at the supports when the load is at the supports; therefore, 
the m aximum shear for two axles will be when one is at the support and the other is 
5' from the support. 

.*. Live load shear — 7917 poimds 

Dead load shear = 1440 pounds 

Impact — 25 per cent of 7917 = 1979 pounds 
Total shear = 11,336 pounds 

From the table of Maximum Bending Moments in the handbook, we find that a maxi- 
mum bending moment of 27,638 foot poxmds requires a 9" 30 pound I-beam. This 
weighs less than the assumed weight of the beam. The maximum shear of 11,336 
pounds is well within the allowable limit for this I-beam. 

Therefore, two 9" 30 pound I-beams wiU be satisfactory. 

1616. Problem. — Compute the total wind pressure on a plate girder deck railway 
bridge, due to a wind velocity of 120 miles per hour, the plate girder being 36" deep. 
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and the span being 60'. Assume a train of cars 14' high to be on the bridge, and that 
the track, ties, and superstructure are 1' above the girder. 

Solution. — ^Using formula, P = 0.004 and substituting the value of y as 120, 
P is found to be 57,60 pounds per square foot. The total surface which the wind blows 
against is 

(14 + 1 + 3) X 60 = 1080 square feet 
1080 X 57.60 = 62,208 poimds = total wind pressure on the bridge. 

FOUNDATIONS FOR BRIDGES. 

1617. Foundations for bridges are considered in the Chapter on 
FoTondations. The site of a bridge, unlike that of a building, may usu- 
ally be selected : and in such selection, the most important consideration 
is the character of the foundation. Preferably, it should be of rock; 
and a reasonable increase in cost is justified in order to secure a rock 
foundation. If necessary to place on earth foundation, it may be 
possible to confine the earth: but, as a rule, a spread foundation is the 
best solution in such eases. 

SUBSTRUCTURE. 

1618. Piers. — ^Bridge piers should transmit the load from the supep- 
strueture to the foundation. They should interfere as little as possible 
with the natural flow of the water. The spacing is ordinarily a question 
of economy. However other considerations may govern the distance 
between piers; for example, the War Department requires a certain 
minimum spacing of piers in navigable rivers so as to cause as little 
danger and obstruction as possible to river traffic. 

A pier with cross-section shaped like a ship interferes little with the 
natural flow of the water, but is more expensive than a pier made of two 
cylinders filled with concrete, one under each truss or girder of the bridge, 
This latter construction, however, obstructs the flow of the water more 
than the other form. 

Piers should rest on a stable foundation, the base of which is well 
below the frost line and below any possible scouring action. When bed 
rock is less than 30' below the water level, piers should usually rest on 
bed rock, otherwise on piles or caissons. The various methods employed 
in sinking bridge piers are discussed in the Chapter on Foundations. 

1619. Kers are made of (1) Cribs; (2) Wooden Trestles; (3) Steel 
'Trestles and Towers; (4) Masonry. 

Crib piers are constructed of logs or beams fastened together and 
weighted as previously explained in the Chapter on Foundations. They 
are employed in the construction of hasty or unimportant bridges. If 
the current is strong, the cribs are so placed that they present the 
vertex of an angle to the current. 



Bridges. 


467 


Wooden trestles are the simplest form of support for a viaduct.* 
They are employed where the viaduct is on firm soil. A wooden trestle 
bent (Fig. 1619A) is made up of a cap sill, ground sill or mud sill, several 
vertical posts, (the two exterior posts may be batter posts), and two 



cross or sway braces. The sway braces may be omitted in bents less than 
10' high. In railway construction, all the members except the sway 
braces are 12" x 12" timbers: the sway braces are 3" planks. In 
highway viaducts, lighter pieces are employed. The height of the 
simple bent is limited to 25'. If bents of a greater height are reqxiired, 
they are made by placing a series of bents one on top of another (Fig. 
1619B). The space between consecutive horizontals is called a story 



1619 B 

High Trestle Benfi. 


and does not ordinarily exceed 20' in height. In high bents the posts 
may be continuous, or the bents may be constructed separately and 
superimposed. In the former type, the stories are made by bolting 
horizontal sills to the posts: in the second type, the superimposed sills 
are in absolute contact. 

Simple bents are placed at intervals of 12' to 14'; high bents, at in- 
tervals not exceeding 25'. The bents are connected horizontally by 
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stringers which connect adjacent caps and support the roadway. Longi- 
tudinal movement is prevented by the superstructure and by the ground. 
To give additional longitudinal strength, simple bents are connected 
by horizontal or diagonal bracing similar to the sway bracing. In high 
viaducts or trestles, the intermediate sills of different bents are connected 
by horizontal beams and the batter posts of each story by horizontal or 
diagonal bracing. 

In a viaduct constructed on soft soil, the common trestle bents are 
replaced by pile bents. The simple pile bent consists of a cap siU sup- 
ported on three or more piles. The cap is usually but a short distance 
above the surface: where high bents are required the pile bents are 
covered by one or more stories of common trestle, or are connected by 
sway braces. 

A steel trestle bent consists of two posts, usually inclined, resting on 
masonry bases. The posts are steel columns; the cap siU is a plate 
girder: the ground siU is only a latticed member attached to the posts 
to keep them properly spaced: the sway bracing is made of steel eye- 
bars. In low viaducts on city streets the bents consist of posts and 
caps only. 

A steel tower (Fig. 1619C) is formed of four vertical or inclined posts. 
Each of the four faces of the tower is divided into stories and braced 



steel Tower 

like a simple trestle bent. At intervals the diagonally opposite posts 
are cormected by horizontal braces. High viaducts are supported by a 
series of steel towers. This requires less material than a series of trestle 
bents, as no longitudinal bracing is required between towers. 

Masonry piers, or at least masonry foundations are employed in the 
construction of all important bridges. The general plan of the pier 
is rectangular, with the longer dimension parallel to the current (Fig. 
1619D). The shorter faces are roimded or pointed to deflect the water 
and thus reduce the pressure on the pier and also the undermining action 
of the current. These deflectors are called starlings. If exposed to 
floating ice in a strong current, a portion of each upstream starling is 
inclined at an angle of 45° with the horizontal, so that the ice will be 
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forced up the inclined surface until it breaks of its own weight. This 
prevents the accumulation of ice and the consequent pressing on the 
pier. The inclined surface is called an ice breaker and extends from a 
few feet below water to a few feet above water. 




Fig. 1619 D Bridge Pier with Ice Breaker 


Approaches and Abutments. 

1620. The portions of a roadway at each extremity of a bridge and 
leading to it are termed the approaches. These are arranged so that 
the vehicles, using the bridge, may have an easy and safe access thereto. 
Ihe arrangement will depend upon the locality, upon the number and 
direction of the avenues leading to the bridge, upon the width of these 



Fig. 1690 A Abutment 


avenues and upon their positions, whether above or below the natural 
surface of the groimd. When the avenue to the bridge is in the same 
line as its axis, and the roadway of the avenue and the bridge is of the 
same width, the abutment is generally made as shown in Fig. 1620A. 
The returns or short walls carried back parallel to the axis of the road 
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to flank the approach are called wing-walls, and are intended to sus- 
tain the embardmient as well as to serve as a covuiterfort to the abutment. 

When several avenues meet at the bridge, or it is necessary that the 
width of the approach shall be greater than the roadway of the bridge, 
the wing-walls may be given a curved shape, as shown in Pig 1620B, 



Fig. 1620 B. Horizontal section of an abutment, A; witli curved wing-walls, B; 

B connected with a central buttress, C; by a cross tie-wall, D 

in this way widening the approach. When the soil of the river banks is 
soft, the foundation of the wing-walls should be laid at the same depth 
as that of the abutment. But if the soil is firm, the wing-walls may be 
built in steps, thus saving considerable expense. The method of design 
of wing-wahs is the same as for other retaining walls. It is good practice 
to make their length one and a half times the height of the roadway above 
the bed of the river, their thickness at bottom one-fourth their height, 
and to build them up in off-sets on the inside, reducing their thickness 
at the top to between 2 ' and 3'. 

Instead of wing-walls, a single wall in the middle is used in many cases. 
The plan of the abutment in such a case is that of a T. This type of 
abutment is often used in railway bridges. The slope of the embank- 
ment (river bank) may be the natural slope, or, if steeper, the embank- 
ment should be revetted with dry stone or sods, as shown in Fig. 1620C. 

When the face of the abutment projects beyond the bank, an embank- 
ment faced with stone should connect it with points of the bank, both 
above and below the bridge. These are called water-wings, and serve 
to contract gradually the water-way of the stream at this point. 

Where there is danger of the banks above and below the abutment 
being washed away or worn away by the action of the current, it is 
advisable to face the slope of the bank with dry stone or masoiuy. 

Abutments are usually constructed of stone, concrete, or reinforced 
concrete; but for temporary or unimportant bridges they may be made 
of wood. A wooden abutment is usually made of squared logs placed 
on top of each other, and held in place by anchor logs fastened to the 
face logs and to transverse logs buried in the embankment. The trans- 
verse logs must be beyond the plane of the natural ^ope passing through 
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of adjacent panels overlap or abut against each other on the floor-beams. 
If the spans are less than 25', the stringers rest directly upon the piers 
and abutments and become the floor-carriei’s. 



The floor beams or cross-girders connect the roadway carriers and 
support the floor; rectangular woodaa beams, singly or in pairs, rolled 
steel I-beams, and plate girders are employed for floor beams. 

When the roadway is to be paved, the pavement is supported on a 
buckle-plate floor which is riveted to steel I-beam joists. A bucMe- 
plate is a steel plate with sides 2' to 4' and thickness to J", which is 
so bent that if placed horizontally its central point is 2" to 3" higher 
than its edges. Metal floors are also made of channel-shaped plates. 
Eeinforced concrete is now taking the place of buckle-plates. 

In railway bridges of less than 15' span, the cross-ties are usually 
fastened to longitudinal stringers which rest on the piers and abutments; 
in railway bridges of longer span, these stringers rest on and are fastened 
to the floor beams. In railway bridges with metal floors the ties are 
embedded in the ballast, which is supported by the floor. For short 
spans, reinforced concrete floors are also used. 

In order that the floor of a bridge may not become concave under its 
live load, the bridge is slightly arched from abutment to pier, and from 
pier to pier. This is called camber; and is theoretically so calculated 
that under the heaviest live load, the stringers will be horizontal. 

1622. Floor carriers. — The different methods of supporting floors 
and transmitting the loads to the substructure are: 
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a. Beam 

b. Plate girder 
e. Truss 

d. Arch 

e. Cantilever 
/. Suspension 

Floor carriers of railway hr dge spans under 25' or 30' generally consist 
of rolled I-beams; spans between 25' or 30' and 110', of plate girders: 
spans between 110' and 350', of riveted trusses of single undivided panels: 
spans exceeding 350', of pin-connected or riveted trusses with subdivided 
panels 

In general, highway bridge spans of and below 20' consist of rolled 
beams or simply wooden joists; spans from 20' to 30', of rolled beams; 
spans from 30' to 60', of plate girders; spans from 60' to 100', of plate 
girders or open-webbed riveted girders of single Txndivided panels; 
spans from 100' to 300', of riveted trusses; and spans exceeding 300', of 
pin-connected or riveted trusses. 

In addition to the classification in paragraph 1603, bridges may be 
classified according to the floor carrier, as beam bridges, truss bridges, etc. 

Beam Bridge. 

1623. This is the simplest form of bridge. The load is carried from 
flooring to stringers and then to the substructure. The stringers are the 
beams: and are made of wood, structural shapes, or built-up beams. 
The beam bridge can be used only for short spans, usually up to 20' 
in railway bridges, although I-beam bridges are sometimes constructed 
with spans of 35'. 

Plate Girder Bridge. 

1624. A plate girder bridge is composed of two or more plate girders 
to which the floor beams are riveted. These floor beams rest either 
on the flanges of the plate girders, or on brackets riveted to the web. 
Plate girder bridges are used extensively in railway, construction, where 
the span is short. They may be classified as (1) deck, (2) through, 
(3) half-through plate girders. The ties in a deck plate girder bridge 
lie directly on top of the upper flanges of the plate girders. The ac- 
cepted limit of length of this type is about 100', although such structures 
are in existence with a 30 per cent greater span. 

In a half-through plate girder bridge, the floor beams are coimected 
to the girders by means of gusset plates. Their economic length is less 
than that with deck plate girder due to the cost of the steel in the floor 
beams and stringers. In steam railway bridges, the limiting span is 
about 100'; in electric railway and highway bridges, the maximum span 
is about 75'. 
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The superior limit of a plate girder span is governed by shipment 
facilities rather than by expense. The deck plate girder bridge is cheaper 
than a corresponding truss bridge up to the maximum length that can 
be safely hauled on railways. A plate girder 130' long would require 4 
flat cars. Also, since the depth of girder is about j the span, the question 
of clearance when passing through tunnels must be taken into considera- 
tion. 

The advantages of plate grder bridges are: 

а. Low cost of manufacture. 

б. Low erection and maintenance costs. 

c. Not as liable to injury by accident as truss bridges. 

d. Rigidity. 

e. Can be overstressed more than a truss bridge without danger. 

Tmss Bridges. 

1625. A truss bridge is composed of two or more parallel trusses to 
which the floor beams are attached, usually at the panel points of one 
of the chords. Trusses are ordinarily made of wood, wood and steel, 
or of steel alone. Steel trusses are either riveted or pin-connected at 
the panel points. Although riveted trusses are less econoinical than 
pin-connected trusses, they are preferred in railway construction up to 
a span of 500', due to their rigidity. In highway construction where 
rigidity is not so important the maximum riveted truss span is taken as 
about 350'. The disadvantages of long riveted trusses are the secondary 
stresses introduced at panel points, and the additional cost of connecting 
plates as compared with pins. In a 500' span, there is 8 per cent more 
metal in a riveted truss than in a pin-connected truss. This per cent 
increases rapidly with the span. 

The length of a truss is usually governed by the local conditions; it 
is ordinarily assumed in a bridge consisting of a number of spans that 
the arrangement is economical if the costs of the substructure and the 
superstructure are approximately the same. In medium spans, the 
height of the truss is about to } the span; in very long trusses, this 
ratio is reduced. 

There are many forms of trusses. The first truss was the king-post 
truss (Fig. 1625A) which was invented by Palladio, an Italian in 1570. 
Then came the quem-post truss. (Fig. 1625B.) But truss bridges were 
not seriously considered as the solution for long spans until the invention 
in 1798 of the Burr truss by Theodore Burr, an American. The Bmr 
truss was a series of king-post trusses, with wooden tension members 
and counterbraces, and was later strengthened by an arch (Fig. 1625C). 
Howe in 1840 patented the Howe truss, which was a great improvement 
over the Burr: it had counterbraces; but it had metal tension members 
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instead of wooden ones, and it omitted the arch. The t37pes now in 
general use are the Warren invented in 1838 (Fig. 1625D), the Howe 
invented in 1840 (Pig. 1625E), the Pratt invented in 1844 (Fig. 1625F), 
the Bowstring invented in 1847 (Fig. 1625G), and the Baltimore invented 
in 1877 and generally used in the form known as the Petit truss (Fig. 
1625H). 



2606 O Bowstring Truss 



Pig. 1625 H Petit 'IVuss wth Sulv-stnits and Parallel CbordB (Baltimore Tiuas). 

The trusses generally used for highway bridges are as follows: for 
open-webbed riveted girders, the Pratt truss, or the Warren with verticals 
dividing the panels, the latter being employed for deck spans .carrying 
joists resting on the top chords: for riveted spans up to about 250', 
Pratt trusses with top chords either straight or inclined: for spans ex- 
ceeding 250', Petit trusses. These limiting lengths are not fixed abso- 
lutely, as the best limits will vary somewhat with the width of the bridge 
and the live load to be carried. 

The trusses generally used in railway bridges are as follows: for 
deck i^ans having top chords supporting wooden ties, the Warren truss 
with verticals dividing the panels of the top chords; for other deck 
^ans and through spans up to 300', the Pratt truss; for spans exceeding 
3O0', the Petit truss. For through spans up to about 200', parallel 
chords are employed; but for longer spans the top chords are generally 
inclined as in the Bowstring truss. These limiting lengths are not fixed 
absolutely, as the best limits will vary somewhat with the number of 
tracks and the weight of trains. 

Howe Truss. — ^This is the type of truss usually employed when tim- 
ber and simple forms of iron are to be used. It is the principal truss 
employed for hasty work in military operations. The chords, the mafn 
diagonals, and the counters are made of timber; the vertical braces, 
of iron rods. The floor beams rest upon and are supported by one of 
the chords. The king-post type is employed when the span does not 
exceed 30'; the queen-post with counter-struts when the span does not 
exceed 40'; and the type shown in Fig. 16251 for longer spans. 
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The diagonals are of uniform size, the main diagonals being in pairs, 
and enclosing the counters which may be single or double. Between 
the ends of the diagonals and the chords, blocks of hard wood or cast 
iron are inserted in shallow notches in the chords, as shown in the figure. 



The faces of these blocks are at right angles to the axes of the diagonals. 
The verticals are in pairs, pass through the blocks and the chords, and 
are secured with nuts screwed on the ends of the rods, and kept from 
pressing into the timber of the chords by iron plates or washers. Some- 
times a tum-buckle arrangement in the middle of the rod may be used, 
but this is not customary. 



portal bracing 

Warren Truss. — ^This type is onJinarily used for spans from 20' to 
100'. The top chords of Warren trusses are usually made of two chan- 
nels or angles, with or without covCT-plate. The diagonals are made up 
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in the same manner. The diagonals and their connections must be 
designed to take both tension and compression. 

In the riveted Warren truss, the general construction is the same, but 
the members are usually all laced or latticed pieces and are riveted 
together. 

Pratt Truss. — ^This type is ordinarily used for spans from 20' to 200'. 
The Pratt truss may be built with parallel chords or inclined top chords. 
It is simple in design and economical of metal. When spans are in 
excess of 175', the top and bottom chords are seldom parallel. Choice 
between parallel chord and inclined chord is largely a question of expense. 
Since the bending moments increase from the end supports to the center 
of the span, increase in the amount of metal in the chord can be avoided 
by increasing the depth of the panels towards the center. 

In a pin-connected Pratt truss of long span, the compression chord is 
made of two channels, either rolled or built up, connected by a top hori- 
zontal cover-plate. The inclined end posts (Fig. 1625 J) are similar in 
eonstiuction and are rigidly connected with the compression chord; 
and the vertical struts are made of two laced or latticed channels. 

Bowstring Truss. — In the bowstring truss, the panel points of the 
upper chord lie in a curve, convex upward. If this cxurve is made a 
parabola, the dead load stress is imiform throughout the lower chord, 
the stress in all verticals is tensile and is equal to the panel loads at the 
lower ends, and the stress in all diagonals is zero. With a small live load, 
the stresses in the diagonals are very small, and the lower chord stresses 
remain almost equal. This uniformity of stress simplifies the design 
and construction, and is considered a great advantage of this type. 
It has the disadvantage that no overhead bracing is practicable near the 
ends of the span. 

Petit (Baltimore) Truss. — The Petit truss is used for spans exceeding 
250' and the top chord is i:isually polygonal. It can be used for very 
long qjans up to 1000', although no Petit truss has yet been constructed 
with that span. The Petit truss is a subdivided Pratt, and has many 
forms. That most used is shown in Fig. 1625H. 

1626. Details of 'Trusses. — A deck truss bridge consists of two or 
more vertical trusses which carry the floor system and vertical live loads, 
and of two horizontal trusses to carry the wind loads and resist swaying 
and vibration. The horizontal trusses of a deck bridge have much 
smaller web members than the two main vertical trusses; their chord 
members are the chord members of the main vertical trusses, and the 
stresses are proportionally very small as compared with the main ver- 
tic£il loads. 

In a through truss bridge, there are the same main vertical trusses; 
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and there are also the same horizontal trusses for the loads. How- 
ever, while in a deck bridge, each of the horizontal wind load trusses 
has support on the piers and abutments and can transmit its load di- 
rectly to them, there is no support for the upper horizontal truss of a 
through bridge and it must transmit its wind load to the support of the 
lower horizontal truss. This transmission can not be made by a regular 
truss system because of the fact that the trains or the vehicles which use 
the through bridge must have a clear passage; therefore, it is possible 
to brace only the upper part of the space between the upper and lower 
trusses. Below this bracing, the effect of the wind is as thou^ the 
upright columns of the main vertical trusses were cantilevers with the 
wind loads acting throughout. The wind loads are so small compara- 
tively that the weight of the truss and the rigidity of its riveting is suffi- 
cient to prevent deformation of any of its parts. If a case ^ould arise 
of need for such bracing, it would be placed on the outside of the main 
vertical trusses and would lead to properly prepared supports. 

Figure 1626A shows sway bracing at the top as constructed between 
the upper parts of the main vertical trusses to make this part rigid and 
to transmit at least this much wind pressure without cantilever effect 


Fig. isse A 

until a point is reached below the sway bracing. The sway bradng at 
the entrance of the span, as shown in Fig. 1625 J, is called portal bracing. 

In a pony truss or plate girder bridge, there is no upi)er horizontal 
wind truss. Brackets are placed on sides of such bridges to secure 
lateral rigidity. 

The clear headroom in truss bridges should be at least 15' for highway 
and 22' for railway bridges. 

The truss is prevented from moving laterally by friction and by bolting 
it to the abutments. A strut connects the bases of the end i>osts resting 
on the same abutment and divides the wind pressure between the bed 
plates. 

The ends of the girders rest on steel bedplates which have sufficient 
area to distribute the weight and reduce the pressure on the masonry 
within safe limits. In all plate girders and truss bridges if the friction 
is not sufficient to resist the lateral pressure from the wind, the ^Wers 
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and truss are so fastened to the abutments that lateral movement is 
impossible. To prevent longitudinal movement, one end is anchored 
to the abutment; to allow longitudinal expansion, the other end is sup- 
ported on a smooth plate if the span is short, and on steel rollers if the 
span is long. 

■ Temperature Stresses. — ^Allowance is made in bridge design for a 
variation of temperature of 150°. 

Arch Bridges. 

1627. Arch bridges are constructed of masonry, of reinforced con- 
crete, and of steel alone. The arch (paragraph 1120) is the tsrpe which is 
constructed whenever it is desired to secure a structure of fine architec- 
tural appearance: it is the only type that can be made wholly of masonry. 
The form of arch most generally used is segmental. The form of soffit 
is governed by the width of the span, the highest water level during 
freshets, the approaches to the bridge, and the architectural effect which 
may be produced by the structure, as it is more or less exposed to view 
at the intermediate stages between high and low water. 

Oval and segmental arches are preferable to the full center arch, par- 
ticularly for medium and wide bays, for the reasons that for the same 
level of roadway they afford a more ample waterway under them, and 
their heads and spandrels offer a smaller surface to the pressure of the 
water during freshets than the full center arch, under like circumstances. 
The full center arch, from the simplicity of its construction and its 
strength, is to be preferred to any other arch for bridges over water 
courses of a uniformly moderate current and not subjected to con- 
siderable changes in their water-level, particularly when its adoption 
does not demand expensive embankments for the approaches. 

If the spans are to be of the same length, the curves of the arches should 
be the same throughout. If the spans are to be of unequal length, the 
longest should occupy the center of the structure, and those on each 
side of the center should either be of equal length or decrease uniformly 
from the center to each extremity of the bridge. In this case the curves 
of the arches should be similar, and the springing lines should be on the 
same level throughout the bridge. The level of the springing lines will 
depend upon the rise of the arches, and the height of their crowns above 
the water-level of the highest freshets. The crown of the arches should 
not, as a general rule, be less than 3' above the highest known water- 
level, in order that a passageway may be left for floating bodies de- 
scending during freshets. Between this, the lowest position of the 
crown, and any other, the rise should be so chosen that the approaches, 
on one hand, may not be unnecessarily raised, nor, on the other, the 
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springing lines be placed so low as to mar the architectural effect of the 
structure during the ordinary stages of the water. 

Masonry Arches. — The masonry arch has been employed in bridge 
construction since it was first developed by the Romans. It is prac- 
tically indestructible if well founded, and requires little expense for 
maintenance. It is, however, more expensive than a met^ bridge, 
and its employment is limited to shorter spans. 

Masonry arches are made of stone, brick, or concrete. Stone arches 
have been constructed with spans of about 300', brick arches with spans 
of about 150', and concrete arches with spans of about 140'. 

The centers used in construction should be strong, so as to settle as 
little as possible during the construction of the arch, and for wide spans, 
should be so constructed that they can be removed without ranging 
extra strains on the arch. This is effected by removing the centering 
from the entire arch at the same time. 

In wide spans, the centers are removed by means of an arrangonent 
of wedge blocks. Another method of removing centers is by the use 
of sand, the centers resting upon cylinders filled with sand, so arranged 
that the sand can'run out slowly near the bottom. 

. The face walls of the spandrel may be continuous, or they may consist 
of transverse arches which rest on the arch and support the roadway. 
(Fig. 1627A.) The latter arch presents the more pleasing appearance. 



Fig. 1697 A ■ Spandrel Arches 


and has a smaller load on the arch ring, so that the dimensions of the 
arch ring and the abutments may therefore be reduced. 

To prevent the percolation of water through the arch ring, it is coated 
with an a^halt or other waterproof coating; the water runs into a cross 
drain at the lowest point of the extrados and is conveyed through the 
walls by a suitable conductor. 

In ordinary masonry or concrete arches teosile stresses are not per- 
missible; the ring must therefore be designed so that the line of pressure 
■win not pass outside the middle third (paragraph 1108). In reinforced 
arches this limitation does not exist; the arch rib is a beam, and if 
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properly reinforced it may carry heavy bending moments involving 
tensile stresses in the steel. Besides this advantage, the reinforcement 
greatly aids in preventing cracks due to any slight settlement, and by 
reason of greater reliability makes possible the use of working stresses 
in the concrete considerably higher than are used in plain masomy. 

Since a reinforced arch is a beam subject to either positive or negative 
bending moment, it is essential that it ^ould be reinforced on both sides. 
The shearing stresses are relatively small, and little is needed in the way 
of web reinforcement. 

In the Monier system, the reinforcement consists of wire netting, 
one net being placed near the extrados and one near the intrados. 

In the Melan type, the steel is in the form of ribs of rolled I-sections, 
or of built-up lattice girders, placed near the intrados and extrados at 
intervals of £■' to 3'. 

In practice the amount of reinforcement along extrados and intrados 
thus varies from § per cent to 4 or 5 per cent of total area of cross-section. 

Advantage is generally taken of the adaptability of reinforced con- 
crete in the various details of the arch. The roadway is generally sup- 
ported by spandrel arches, or by beam and slab construction resting on 
piers or cross walls, which in turn rest upon the main arch or arch ribs. 
The design of these parts is carried out as for other beam and column 
designs. 

Steel Arches. — Steel arches are arched trusses and are divided into 
three general classes: those with hinges at the crown and springing 
lines, those with hinges at the springing lines only, and those without 
hinges. The hinge is a heavy steel pin against which the arch or its 
segments abut, and about which the arch can revolve slightly so as to 
accommodate itsdf to expansions and contractions caused by variations 
of temperature. 

In the three-hinged arch the reactions at the crown and springing lines 
can be determined with the same accuracy as those of the simple truss, 
as explained in paragraphs 1126 and 1127. For this reason, it is preferred 
by many engineers to the other types ; it is however less stiff than the other 
types. One of the most notable arches of this type is the railway bridge 
over the Viaur River in France (Fig. 1627B). The span of the arch is 
721', its rise 176', and the height of the roadway above the river 380 feet. 

In the two-hinged arch the reactions cannot be determined with as 
great accuracy as in the three-hinged one, but it is stiffer, and has many 
advocates. One of the most notable bridges of this t3rpe is the roadway 
over the Niagara River below the Falls. It has a two-hinged arch of 
the type shown in Fig. 1627C, which has a span of 840', a rise of 137', 
and carries a 46' roadway 240' above the water level. 

The arch without hinges is not now employed for long spans; Ihe 
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bridge over the Mississippi at St. Louis, constructed in 1874, is one of 
the most notable examples. This bridge has one span of 520' and two 
spans of 502' each. 




The roadway of a steel arch is supported by floor beams which are 
attached by steel members to the panel points of the arch, or are placed 
directly at the upper or lower panel points of the arch truss when these 
points are at the proper elevation. As steel arch bridges are almost 
invariably of the deck type, the floor beams are usually supiwrted at 
the upper panel points. When the upper and lower chords of the arch 
are parallel, the loads of the floor beams are transmitted directly in short 
^ans by short members to each panel point, but in long spans there is 
a roadway truss or girder which is supported by a series of vertical truss 
members which receive the weight of the roadway and transmit it to 
certain panel points of the arch truss. Even when the floor beams 
transmit the load directly to panel points of the arch truss, it is neces- 
sary to have a truss or plate girder to stiffen the roadway. 

Cantilever Bridges. 

1628. Cantilever bridges are suitable only for long ig)ans. The 
economic limit of an ordinary truss span is 660', beyond which the 
cantileva* truss is cheaper. Short span cantilevers may be used over 
deep gorges where the cost of scaffolding for erection would be prohibitive, 
or over streams with swift current where false work would be washed 
out. Such structures may however be cantilevers only during con- 
struction and simple truss spans or arches when completed. 




Fi^ 16^8 B Pougkeepsie Bridge (cantilever) 
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The principal disadvantage of a cantilever bridge is its lack of rigidity 
as compared with a simple truss bridge of the same span. 

The advantages of a cantilever for long spans are: (1) little false 
work required; (2) few piers required. 

Cantilever Truss. — Cantilever bridges are of two general types, in 
each of which there is a cantilever truss with a suspended weight (truss) 
at its end. In the first type (Fig. 1628A), each pier supports a tower 
with long double cantilever arms, and the ends of the arms of adjacent 
towers are the supports for a simple or suspended truss which connects 
them. In the Forth bridge, Scotland (Fig. 1628A), there are three 
towers with cantilever arms. Each tower is about 330' high. The 
central tower rests on a base 120' by 260', and the distance between the 
ends of its cantilever arms is 1620'. It is connected with the other towers 
by riveted trusses 360' long. The shore ends of the other towers rest 
on the abutments. The suspended trusses are 150' above high water 
level. Each tower rests on four masonry piers; the distance between 
adjacent piers of consecutive towers is 1710' center to center. The 
St. Lawrence cantilever bridge near Quebec has a central span of 1800. 
between piers, center to center; it similarly supports a suspended truss' 

In the second t37pe, shown in Fig. 1628B, a simple truss resting on two 
points of support has attached to its ends cantilevers whose extremities 
form the supports for a simple suspended truss. Fig. 1628B shows the 
bridge over the Hudson River at Poughkeepsie; it has two simple truss 
spans of 526' and three cantilever spans of 548'. The bridge over the 
Mississippi River at Memphis is of the same general type; it has a simple 
truss span of 621', a single cantilever span of 621', and a double canti- 
lever span of 790'. 

Suspension Bridges. 

1629. A suspension bridge (Fig. 1629A) is one in which the floor is 
suspended from two or more cables or chains which are stretched between 



the piers or abutments. It is probably the only type which can be 
applied to spans exceeding 2000'; and it has been proposed to build 
suspension bridges of 3000' span. 


486 


Civil Enginbbeing. 


The essential parts of a suspension bridge are the main cables or 
chains, from which the floor is suspended; the towers, upon which these 
cables rest; the anchorages, which hold the ends of the main cables; 
the suspenders, by which the floor is attached to the main cables; 
the trasses, or other devices, by which the oscillations are cheeked; 
and the floor system itself. 

Cables for small bridges are made of wire rope, and for large structures 
they are made by compacting a number of steel wires into cylindrical 
form and clamping them together by means of steel clamps. The 
Williamsburg Bridge in New York has four main cables, each composed 
of 7696 wires, each 0.19" in diameter, clamped together and covered 
between clamps with cotton duck soaked in oxidized linseed oil and gum- 
varnish composition and with a sheet iron shell. The wire has a mini- 
mum tensile strength of 200,000 pounds per square inch. 

Cable made of eye-bars is preferred by some engineers to the wire 
cable because by varying the size of the eye-bars the tensile strength at 
any point of the cable can be proportioned to the stress at that point. 
The allowable unit stress of steel in the form of bars is, however, much 
less than in the form of wire; and the weight of the cable must therefore 
be greatly increased. A notable bridge of this class is at Budapest, 
Himgary. 

The curve of the unloaded suspension bridge cable due to its own 
weight is by definition a catenary. If its weight, which is small compared 
with the uniformly distributed load, is neglected, the curve of the cable 
due to the uniformly distributed load is a i)arabola. 



In Fig. 1629B, let the curve represent the cable as deflected by a load 
uniformly distributed along ctOc. 

Let I = span. 

D = deflection of cable at middle point. 

“ w = weight per unit length of roadway. 

“ S,' = tension in cable at 0. 

“ Si = tension in cable at any other point. 

“ X and y = co-ordinates of any point. 

If we take that portion of the cable from 0 to any point {x, y), and 
consider it as a “ free body,” it must be in equilibrium. Representing 



Beedgbs. 


487 


the tension at (x, y) by St", and remembering that the weight from 
0 to {z, y), equals wx, we have by taking moments around (z, y) 


S/y- (M.'z)| + S/' XO = 0 
« . 2 St'y 


(1629A) 

(1629B) 


This is the equation of the curve of the cable. From the form of the 
equation, we know that it is the equation of a parabola referred to rec- 
tangular co-ordinate axes through its vertex. 

To find the tension at 0, we substitute for x and y in the equation 
of the curve, the co-ordinates of any known point as that at the top 
of the tower. The resulting equation is 

P ^ 2SIQ (1629C) 

4 w 

S/=^ (1629D) 


Since there is only tension in the cable, the value of St at any point 
between 0 and the tower, as z, must be equal to the resultant of the other 
forces acting on the cable between 0 and z. These forces are S/ and 
wx; hence St = + St\ Since St increases as z^ increases, the 

tension in the cable will be a minimum at 0 and a maximum at the tower. 
By making z = 0, we find the minimum value of St is S/. By making 
X = 1/2 and substituting for S/ its value found above we have 



(1629E) 


From the values of S/ and St we see that if the span and loading re- 
main constant, the tension in the cable may be decreased by increasing 
its deflection. 

Towers. — ^The towers are constructed of masonry or steel. The 
height of the towers is fixed by the clearance which must be left for 
navigation under the bridge, and by the maximum tensile stress which 
is to be allowed in the cables. 

Each tower is subjected to (1) a vertical force which is equal to the 
sum of vertical components of the tensile stresses in the two branch^' 
Qf the at the top of the tower; (2) a horizontal force which is, 
equal to the difference between the horizontal components of the tensile, 
stress in the two branches at the same point. As the horizontal force 
tends to overturn the tower, it is desirable to reduce its intensity to a 
TniTiiTYmm It reduces to z^_ whenever. the_two br^ch^ of the cablq 
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make the same angle with the vertical through their point of intersection. 
This is effected by resting the cable on a saddle (Fig. 1629C) supported 
by rollers, so that the saddle may move longitudinally to restore the 
equality between the angles whenever this equality is disturbed by the 



Saddle for Supension Brld^re Cable 


elongation or contraction of the cable due to changes of temperature or 
to the oscillations produced by a moving load. The same effect would 
be produced by rockers or a rocking tower. 

Anchorages. — ^Anchorages for the cables are provided by attaching 
them to eye-bar chains and girders or castings which are set in masonry 
at each end of the bridge. The chain of eye-bars may be inclined in a 
straight line or in a series of broken lines, and they may be placed in an 
inspection tuimel as in the Williamsburg Bridge or may be completely 



embedded in concrete. The eye-bars of the anchor chains in the Point 
Bridge in Pittsburgh were embedded in a poor quality of masonry, and 
when examined after 27 years of service were found to be in good con- 
dition except that they were pitted considerably for 5 or 6 feet near the 
surface of the ground. Fig. 1629D shows an anchorage with double 
cables. The upper eye-bar chain is supported by plate girders extending 
across the tunnel, with their ends resting on large blocks of stone. 
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Suspenders. — The suspenders are the vertical cables which connect 
the floor system and the cables. When two cables support each end of 
the floor beams, compensating devices are frequently introduced, so 
that, whatever be the relative positions of the two cables vertically, 
each will bear one-half the total load. 

Stiffening Devices. — If the floor beams are attached only to the sus- 
penders and are not rigidly connected to each other, a moving load will 
cause each floor beam to oscillate in a vertical plane. Various methods 
have been devised for checking these oscillations. One of the most 
effective is the stiffening truss, on each side of the roadway. This is a 
vertical truss which is fastened to the floor beams. It is so designed that 
it can resist pressure acting vertically either upwards or downwards. 
When a concentrated load comes on a suspender the load is transferred 
from the cable to the truss as soon as the former yields at the point of 
juncture of suspender and cable; the truss distributes the load over 
several floor beams and suspenders and thus over a long section of the 
cables. 

Another kind of stiffening truss is made by using the cable as one of 
the chords of a vertical truss and connecting by suitable web bracing 
to a second chord, designed to resist oscillation stresses only. This 
method has been applied to bridges with eye-bar chains. Other methods 
of cheeking the oscillations consist in guying the main cable by ropes 
tied to the towers above or below the main cable, and by ropes attached 
to suitable outside points. 

Floor. — ^The floor system differs in no essential details from the floor 
system of truss bridges, but its camber is greater than that of a truss 
bridge. 

1630. Bear Mountain Bridge.— The new suspension bridge across 
the Hudson River at Bear Mountain, 6 miles below West Point, N. Y. 
has a dear span of 1632' (one of the longest spans in the world), and is 
founded upon solid rock. As the mountains are close to the river bank 
on both sides, ample clearance for navigation (153' at center) is obtained 
without the necessity of constructing long approaches above the sur- 
rounding country. The bridge is a highway bridge only, carrying a 
reinforced concrete roadway 38' wide and sidewalks on each side of the 
roadway. The shore spans are not suspended from the cables, but are 
carried on trusses from the towers to concrete piers on the banks; the 
west approach 300' long is carried on two trusses, and the east approach 
320' long on one truss and two plate girdCT spans. Eadi of the two main 
cables consists of 7252 galvanized steel wires, 0.192" diameter, laid paral- 
lel and formed into 37 strands of 196 wires eadi, giving a total cross- 
sectional area of 210 square inches. The maximum stress in each 
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cable due to live and dead loads is about 65,000 pounds per square 
inch. 

Each cable was formed in place, two wires being drawn across at a 
time. The free end of the wire was taken from the wire reel and fastened 
to a grooved casting, called a shoe, fixed at the same end of the bridge. 
A wheel was placed in the loop of the wire between the reel and the shoe, 
and made to travel along the line of the su^ension cable by means of a 
traveling wire rope just above this line. As the wheel moved across, 
the wire was unreeled and two wires were thus carried across. On the 
other side the wheel was transferred to a new loop and the process was 
repeated from the other end. Each two wires were adjusted to the proper 
sag before the next two were placed. 196 wires when laid were fastened 
together to form a strand, and when all strands were laid the whole was 
compressed, wrapped with wire, and painted with red lead. 

The towers are of steel, 350' high. They are supported on concrete 
footings resting on rock. The maximum load on each tower is 9217 
tons. There is no provision for movement of the cables on saddles after 
the bridge is in use, hence there will be at times an unbalanced horizontal 
force at the top of each tower. The towers are designed to carry the 
resulting bending moment. The anchorages are inclined tunnels driven 
into solid rock, and are 100' deep. The cable shoes are pin-connected 
to eye-bar chains at the ground level, the eye-bar chains reaching into 
the anchorage to the cast-steel bases at the bottom. The tunnels are 
filled with concrete. The stiffening trusses on the bridge are 30' deep, 
continuous from tower to tower, and carry the roadway on their upper 
diords. The horizontal truss at the level of the lower chords forms the 
wind bracing, and the struts of this truss, extended beyond the stiffening 
trusses form the points of attachment for the 64 suspender cables from 
the main cables. 

1631. Problem. — plate girder railway bridge, with 2 girders, 60' span, weighs 2 
tons per linear foot. A train weighing 2§ tons per linear foot, and longer than the 
bridge, passes over the bridge. Find the mardmum shear in each girder 20' from the 
end of the bridge. 

Solntion. — The dead load shear at the given point for one girder is 

25 - 20 = 6. 

The live load shear is maximum when the head of the train is at the given point, 
the train covering the 30' segment of the bridge. Its value is 

15/50 X (30 X 2.5/2) = 11.26 

Adding live and dead load shears, maximum shear is 

5 + 11.25 = 16.26 tons 
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MOVABLE BRIDGES. 

1632. A draw or movable bridge is one in which one or more spans 
can be temporarily raised or removed to allow the passage of vessels. 
Such bridges are required over navigable rivers with low banks. 

The draw-span may be opened in several ways; it may be 

a. Lifted vertically. 

b. Moved longitudinally or laterally out of position. 

c. Revolved around a horizontal axis. 

d. Revolved around a vertical axis. 

In the first type, or lift bridge, the span is lifted vertically until the 
clearance is sufficient for passing vessels. The span is attached to 
counterweights by cables which pass over towers; the force to lift the 
dead load of the span is practically reduced to friction of the apparatus, 
thus requiring special effort of the hoisting apparatus only for lifting the 
live load. In the second type, the draw-span is supported by a car which 
carries away the span, or it is supported on a boat or ponton which is 
floated out of position. 

In the third type, or bascule bridge (Fig. 1632A), the draw-span ro- 
tates about either a fixed or movable horizontal axis and may consist 



of one or two leaves. The leaf is rotated by means of counterweighted 
chains or cables attached to its outer end, which pass over pulleys in 
walls or towers above the abutments. Fig. 1632A represents a bascule 
bridge with a movable axis. The short arm supports a heavy counter- 
weight W. This is the type commonly constructed in this country and 
has been applied to a span of 275' in Chicago, 111. 

In the fourth type, or swing bridge (Fig. 1632B), the draw is in the 
form of a double cantilever with arms of equal or imequal length. If 
the span is short and a single oi>ening is desired, the aris of rotation may 
be on the abutment and the shore cantilever may be short and heavy. 
Ordinarily, the axis of rotation is on a pier, the two arms are cantilevem. 
of equal length, thus securing two equal openings when the bridge fe 
swung open. 
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Swing bridges are preferred in wdde rivers where the central pier is no 
serious obstruction to traffic: bascule bridges are preferred where the 
channel is narrow. 



Fig. 1632 B. Swing Bridge 


STRESSES IN BRIDGE TRUSSES. 

1633. In the discussions on bridge trusses, the loads are taken as 
co-planar (acting in the plane containing the axes of the members) and 
so placed that the forces act only at the panel points. However, two 
trusses, one on each side of the highway, are normally used in each bridge. 
In laige bridges, three or even four trusses are used. If two trusses 
support the bridge, each will cany one-half the total bridge loads; if 
there are three trusses, usually the middle one wnll carry one-half of the 
total loads and each of the other two, one-fourth. In general, it is 
necessary to make complete calculations for only one truss. The wind 
loads are considered in special calculations: and the wind trusses are 
made the subject of special design when necessary. 

In all bridge trusses resting on end supports, the reactions are taken 
as acting along lines parallel to that of the resultant of the other external 
forces, unless the action lines of the reactions are fixed by special con- 
ditions. If the truss is designed to rest on a roller at either end, as is 
often done in order to allow for expansion and contraction of its mem- 
bers due to changes in temperatures, the reaction at that end is normal 
to the surface on which the roller rests. The same govrans when there 
is no roller, as in short bridges, but where one end is left free to slide on 
a steel plate. 

The reactions at the ends of a truss and all the other external forces 
therefore alwasrs form a system either of parallel or concurrent forces in 
equilibrium. The determination of the stresses is very similar to the 
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determination of the stresses in roof trusses, with the additional case of 
loads moving over the bridge, which does not occur in roof trusses. 

The determination of stresses in bridge trusses is considered as fohows: 

а. Analytic methods by concurrent forces. 

(1) Actual stresses. 

(2) Index coefficients. 

б. Analytic method by sections. 

c. Stresses under moving loads. 

d. Graphic method. 

1634. Theory of Beam, Girder, and Truss. — An ordinary rectangular 
beam is subject to stresses of tension, compression, and shear: in a 
single beam, each fiber is subjected to both a longitudinal and a shearing 
stress, the longitudinal stress being greatest at the maximum distance 
from the neutral axis. In a plate girder, the number of the outer fibers 
is increased and the distance to them is made so great that it may be 
considered that the fibers farthest from the neutral axis take only longi- 
tudinal stresses and take aH of such stresses: the web of the girder is 
often assumed to take all of the shear, though it is evident that some of 
the shear is taken by the fibers near the surface, which are assumed to 
take only longitudinal stresses. In a truss, the web is replaced by steel 
web members, and the members of the truss take longitudinal stresses 
only: if the truss has parallel chords, the chords take the longitudinal 
stresses of tension and compression, and the web members take the 
shear. 

In making the transformation, the flanges of the girder become the 
chords of the truss, which, like the flanges, are designed to reast the 
entire beading moment of the forces acting on the truss.' The stresses 
in both girder flanges and truss chords are similar longitudinal stresses; 
the only difference between them being that the girder flange stress 
changes at every web-rivet and is uniform between rivets, while the 
truss chord stress changes at every panel point, and is uniform between 
panel points. The web members perform in the truss the same function 
as the web in the girder; they are designed to resist the entire vertical 
and horizontal shear of the forces which act on the truss. The hori- 
zontal component in each web member must therefore be equal to the 
horizontal shear, and the vertical component equal to the vertical shear, 
at any particular section of the truss. In the ^rder, the loads and hori- 
zontal shears are transmitted from the rivets of the upper flange to the 
web plate and produce shearing stresses in it; in the truss the loads and 
horizontal shears are transmitted from the panel points of the diords 
to the web memb^s, and produce longitudinal stresses in them. The 
connections at the panel points of the truss perform the same function 
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as the web rivets in the ^der; ‘that is they connect the chord and web 
memba:s and, by transferring the excess longitudinal chord stress to the 
web members, allow the cross-sections of the different members of the 
chords to vary with the bending moment. 

ANALYTIC METHOD BY CONCURRENT FORCES. 

1636. Actual Stresses. — As there must be equilibrium at every point 
of the truss, there must be equilibrium at every panel point. Therefore, 
we may consider the whole truss as a “ free body,” or any part of it, or 
any panel point of it. In each case, by substituting for any member the 
force which must take its place in order to produce equilibrimn, we have 
for the “ free body ” considered a system of forces which must produce 
equilibrium. 

At each panel point, there is a system of concurrent forces: and 
the algebraic sums of the vertical and horizontal components must 
each be equal to zero. 

1636. Let it be required to determine the stresses in the bridge truss 
with parallel chords and loads as shown in Fig. 1636A. 



Panel Point A. — Considering the panel point as a “ free body,” we 
see that the vertical component of AB must be equal to — 2 W, this 
being necessary in order that the sum of the vertical components shall 
be equal to zero. 

The total stress of AB is obtained by the equation 

-2 W 

= — cos ^ (1636A) 

AB' = ■ (1636B) 

COS <i> ^ 

The horizontal component of AB is obtained by the equation 
AB' 

= = -2Trtan« 

cos 0 


(1636C) 
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Bearing in mind the directions of the forces and stresses, we write 
the stresses with proper signs (see par. 109; in tabulated form as shown 
below: 


PANEL POINT A 


Force 

Vertical 

Com- 

ponent 

Horizontal 

Component 

Stress 

Character 

2W 

Stress BA 

“ AC 

n 

0 

-2 TV tan 0 

-{-2 W tan 4> 

2TF 

2W 
cos <!> 

2 W tan 4> 

Reaction 

Compressive 

Tensile 


Panel Point B. — Considering the panel point as a “ free body,” we 
see that BC and BD are both unknown. But we know the vertical 
component of BC must be equal and opposite to that of AB, to produce 
equilibrium: hence this vertical component must be equal to 2 W. 
Its total stress must be equal to that of AB, 2 PF/cos 4>, because it makes 
the same angle with the vertical and has the same vertical component: 
in direction, BC must act downward, to balance AB, hence it is tensile. 
BD must have a horizontal component equal to the sum of that of AB, 
and BC, or twice that of AB; hence it must equal 4 W tan 
Bearing in mind the directions of the forces and stresses, we write the 
stresses with proper signs in tabulated form as shown below: 


PANEL POINT B 


Force 

Vertical 

Com- 

ponent 

Horizontal 

Component 

Stress 

Character 

Stress AB 

+2W 

-f-2 TV tan 

2TV 
cos <i> 

Compressive 

“ BC 

-2 TV 

-f2 TV tan 

2W 

cos<#> 

4 TV tan 4> 

Tensile 

‘‘ DB 

0 

—4 TV tan 

Compressive 


Similarly, we find the stresses at panel points C, D, and JS7, to be as in 
tables below: 
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PANEL POINT C 


Force 

Vertical 

Com- 

ponent 

Horizontal 

Component 

Stress 

Character 

Stress CB 

+2 TV 

—2 W tan <i> 

2 W 
cos <p 

Tensile 

CA 

0 1 

—2 W tan 4> 

2 W tan <f> 

Tensile 

“ W 

-w 

0 

W 

Applied load 

“ DC 

-w 

— W tan <f> 

W 

Compressive 

“ CE 

0 

4-5 W tan 

cos <p 

5 W tan 4> 

Tensile 


PANEL POINT D 


Force 

Vertical 

Com- 

ponent 

Horizontal 

Component 

Stress 

Character 

Stress BD 

“ CD 

0 

+W 

+4 W tan 4> 

+ W tan 0 

4 W tan 0 

W 

cos 0 

Compressive 

Compressive 

• “ DE 

« FD 

-w 

0 

+ TV tan 0 
—6 W tan 0 

W 

cos 0 

6 W tan 0 

Tensile 

Compressive 


PANEL POINT E 


Force 

Vertical 

Com- 

ponent 

Horizontal 

Component 

Stress 

Character 

Stress ED 

+TV 

— W tan 0 

W 

cos 0 

5 W tan 0 

Tensile 

“ EC 

0 

—5 W tan 0 

Tensile 

iC ppr 

-w 

0 

W 

Applied load 

'' EF 

0 

0 

0 

" EG 

0 

+6 W tan 0 

6 W tan 0 

Tensile 

1 


1637. Problem. — ^Make up a table showing stresses in the various members of the 
Pratt truss shown in Fig. 1637A. Only one-half of the truss need be solved; the truss 
being symmetrical and symmetrically loaded the corresponding stresses in the two 
halves will be equal. 

Solution. 
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Stress Compression Tension 

Upper Chord 

BD 5iytan<^ 

DF SW^tan^ 

FH 9 W tan 4 

Lower Chord 

AC 0 

CE 5W tan 4 

EG 8 TF tan 4 

Web Members 

AB 5 17 

BC 5 IT/cos 4 

CD 3 17 

DE 3 17/cos 4 

EF 1 17 

FG 1 17ycos 4 

GH 0 


1638. Index Coefficients. — Inspection of the tables for each panel 
point in paragraph 1636 and of the table for all panel points in paragraph 
1637 shows that each stress consists of a number, usually multiplied by 
some function of an angle. If we take each truss and write on the mem- 



bers these numbers only, the trusses will be as shown in Figs. 1638A 
and 1638B. 

If these diagrams are carefully examined, it will be seen that at every 
panel point the sum of the numerical coeffidents of the stress which tend 
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to move the point upward is exactly equal to the sum of the coefficients 
of the stresses which tend to move it downwards, and that the sum 
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of the numerical coefficients of the stresses which tend to move it to the 
left is exactly equal to the sum of the coefficients of the stresses which 
tend to move it to the right. This enables us to write out the index co- 
efficients of the stresses of any truss with parallel chords and web mem- 
bers making the same angles with each other, provided we are careful 
to indicate by arrow heads the direction of the stress in each piece as 
soon as determined. The arrow heads will also indicate the character 
of the stress. A compressive stress must be indicated as acting towards 
both extremities of the member in which it is found, and a tensOe stress 
as acting away from both extremities of the member in which it is 
found. As a matter of convenience, in solutions, fhe arrow heads are 
often omitted: then blue or minus indicates tension, red or plus indi- 
cates compression. 

1639. Let us consider, for example, the truss in Eig. 1638A, and check 
the ninnerical coefficients as indicated. 

Panel Point A. — ^The index coefficient (reaction) 2 is acting vertically: 
therefore AB must have an index coefficient of 2 as shown, acting 
downward. 

Considering horizontal index coefficients: The member AB has an 
index coefficient of 2 acting to the left, therefore AC must have an index 
coefficient of 2 as shown acting to the right. The index coefficients are 
easily obtained thus xmtil we reach panel point E. 

Panel Point E. — ^The index coefficient of DE was found at panel point 
D to be 1 and acting downward and away from the panel point: there- 
fore as regards the panel point E, it must act upward with an index 
coefficient of 1. As the vertical force (load) at the panel point has an 
index coefficient of 1, there will be no index coefficient for EF and con- 
sequently no stress in it. 

Considering horizontal index coefficients: The member DE was 
found at panel point D to be 1 and acting away from the panel point; 
the member CE was foimd at panel point C to be 5 and acting away from 
the panel point; therefore, to balance these, the member EG must have 
an index coefficient of 6 and must act away from the panel point, that 
is to the right, and be in tension. 

In considOTng and vising index coefficients, it must always be remem- 
bered these are not actual stresses: they are numerical coefficients of 
some expression as 2 W/cos or 2 IT tan <i> or even 2 W in some cases, 
and the true stresses are always obtained by multiplying the index 
coefficients by the remainder of the expression. 

1640, Problem. — ^Write the index coefficients on the members of the truss in Fig, 
1640A. 

Solution. — See Fig. 1640B. 
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1846 B 


ANALYTIC METHOD BY SECTIONS. 

1641. This method for determining stresses in bridge trusses is like 
that for determining stresses in roof trusses. A section is passed through 
the truss and cutting the member in which the stress is to be determined. 
Then all of the truss on one side of the plane is considered as a “ free 
body,” and forces known or unknown as the case may be are substituted 
for the stresses in the members cut. The stresses are then determined 
by equations of moments, the center of moments being preferably taken 
at the junction of unknown members so that their lever arms will be 
zero and the equation can be more quickly solved. 

1642. Problem. — Let it be required to determine with the method by sections the 
stress in the member FG of Fig. 1642A. 



Fig. I$4g.g 



JS- 16 

Fig. 164F B 


Solation. — ^The reaction at the left support is 15: that at the right support is 9. 
Passing a plane through the members FG, FC, and BC, and taking the jiortion to the 
left as a " free body ” 'we have it as shown in 1642B. 

Taking the center of moments at C, we have 

15 X 18 - 16 X 9 + F<? X 12 + FC X 0 + SCr X 0 = 0 
^^ -270^+144 ^^6^_,pg 

As the sign of the moment is n^attve, FG is in tension. 
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1643. In the method by sections, it is not at all necessary to take the 
center of moments at the panel points closest to the section. Any 
point in the plane will fulfill the requirements: but as a matter of con- 
venience the center of moments is taken at one of the panel points and 
preferably so selected as to eliminate certain unknowns by having their 
lever arms equal to zero. 

1644. Problem. — With the method by sections, find the stress in the member KL 
of Fig. 1644A. 

12 12 12 12 



Solution. — The reaction at the left support is 27 : that at the right support is 39. 
Passing a plane cutting KL, LD, and DE, and taking the portion to the left as a 
free body," we have it as shown in Fig, 1644B. 



Taking the center of moments at D, we have 

27 X 20 ~ 6 X20 - 6 X 10 -f iS:L X 20 + DL X 0 4“ X 0 « 0 
^ -540 + 120 -i- 60 -360 

20 -20 

As the sign of the moment is negative, KL is in tension. 

If we had taken the center of moments at C, the equation would have contained the 
unknowns KL and DL, each with a definite coefficient. Other equations of moments 
would then have become necessary. 

1645. Problem. — ^In the Baltimore truss (Fig. 1645A), assume each panel to have 
a length of 10'. Find the stress in the member EF, 

Solution. — Cut out panel point EFGH with a circle as shown. 

As all members which are cut out by the cirde meet at the point GHIKL except 
memhers FG and EF, the point GHI KL is taken, as the center of moments. From the 
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conditions of equilibrium, we have 

EH XO + HG XO + FG XlO + FE X20 X sin 45° = 0 
Eemembering that FG = 2, we have 

2 X 10 + jPE X 20 X sin 45° = 0 

FE = -1/sin 45° = -1.414 
As the sign of the moment is negative, FE is in tension. 


A 



Fig. 16iS A 

STRESSES IN BRIDGES UNDER MOVING LOADS. 

1646. In paragraph 1634, it has been shown that, in a truss with 
parallel chords, the stresses in the chords correspond to the longitudinal 
(bending moment) stresses of a beam: that the stresses in the web 
members correspond to the shear stresses of a beam. With diords 
which are not parallel, the above is incorrect to an extent varying with 
the lack of parallelism of the chords: such trusses are not designed with 
the idea that the web members take all of the shear, as it is intended 
that some of it be taken by the inclined chords. 

1647. In determining the stresses due to live (moving) loads, it is 
necessary to consider each single concentrated live load as one concen- 
trated load placed successively at the differait panel points; and to 
consider each uniformly districted live load as a series of live loads of 
equal weight concentrated at a series of panel points. 

Note: In the conventional method of determining the stresses due to a moving 
load, it is assumed that one panel point bears its maximum load, while the next is xm- 
loaded. This is actually not correct because the load on each panel point could only 
be a maximum when the load extended to the panel points on either side. If the maxi- 
mum and minimum stresses in the web members are desired with great accuracy, the 
stresses due to the true loading of the truss must be determined instead of the stresses 
due to the conventional loading above described- However, as the conventional method 
produces slightly greater maximum and minimum stresses, its errors are on the side of 
safety, and, being simpler, it is the loading usually assumed. 

In considering the moving loads on a truss with parallel chords, we 
follow the same general plan that was followed with the moving loads 
on a beam in Chapter IV. It is necessary to remember that: 

u. As regards bending moments in a beam, the stress varies from 
point to i)oint, whereas for similar longitudinal stress in the chord of 
a truss the stress is the same for the length of one panel at least. 
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6. As regards shear in a beam, the method of transmitting the shear 
to the supports is the same as in a truss: but while the shear in a beam 
with a uniformly distributed live load may vary from point to point, 
in a truss it is the same for the length of one member at least. 

1648. Stress in Chord Members. — In the chapter on moving loads 
on beams, it is stated that, if a concentrated live load moves over a beam 
without weight, the live load bending moment at any section of the 
beam will be numerically greatest when the live load is at the section. 

As applied to trusses with parallel chords, the above principle becomes: 

If a concentrated load moves over a truss vritiiout weight, the stress in 
any chord member will he numericcdly greatest when the load is between 
the center of moments and die center of the truss and as near the center of 
momenis as the method of hading will permit. This is illustrated by Fig. 
1648A. The stress in CD is greatest when the load is at panel point J 



and has an index coefficient of 24. This stress is foimd by the method of 
sections, a plane being passed through panel point J and cutting CD. 
If the load were placed at any other panel point, the stress in CD would 
be less. 

1649. Stress in Web Members. — ^In the chapter on moving loads on 
beams, it is stated that, if a concentrated live load moves over a beam 
without weight, the live load shear at any section will be numerically 
greatest when the live load is at the section. 

As applied to trusses with parallel chords, the stress in any web mem- 
bo: is at once evident when it is remembCTed that: (a) the reactions due 
to each load vary inversely with the distances from the load to the sup- 
ports: (6) that this reaction is transmitted by web members with this 
numerical stress alternately in tension and compression. The above 
prindple then becomes: 

If a concentrated live had moves over a tuss without weight, die stress 
in any weh merrher vnU he numerically greatest when the live had is ^ 
tween the middle point of the truss and the member, and as near the member 
as die method of hading wiU permit. This is illustrated in Fig. 1648A, 
The stress in CJ is greatest when the load is at J. The load of 16 is 
transmitted, 12 to .the left support, 4 to the right support. The 12 to 
left support is transmitted, alternately in tension and compression, from 
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J via JC, Cl, IB, BA. It is not possible to put the load of 16 at any 
other panel point so that as much as 12 will be transmitted by CJ. 

1650. Application. — By the use of the principles enimciated in para- 
graphs 1648 and 1649, it is easy to apply the principles in Chapter IV 
to the stresses in trusses due to live and dead loads. Some of the more 
important of these are considered in the problems below. 

1651. Problem . — Let it be required to find the maximum index coefficients of the 
stresses in the web members of the deck truss in Fig. 1651 A, with the dead loads 
as shown and a concentrated live load of 24 tons moving across the bridge. 
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Solution. — ^From the principle of paragraph 1649, and also from a knowledge of the 
method of transmission of the load from any panel point to the reaction, we see that the 
maximum stress in any of these web members is obtained by placing the live load at 
its panel point which is nearest the center. 

For example, the maximum stress in CN will be obtained by placing the live load at 
D, whence | of it, (f of 24), will be transmitted to the left panel point; and | of 24 to 
the right panel point. First writing on the truss the stresses in the web members due 
to the dead loads we have the figures in parenthesis in Fig. 1651B. Adding the 12 
stress in CN due to the dead load to the 15 stress in CiV due to the live load, we have 
a total stress in CN” of 27. By placing the live load at each of the panel points we have 
the maximum live load web stresses as shown by figures not in parenthesis in Fig. 
1651B, The sum of the two will be the index coefficients of the total maximum stresses. 
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1652. Problem. — ^Let it be required to find the maximum index coefficients of the 
stresses in the chord members of the deck truss in Fig. 1651A, with the dead loads 
as shown and with a concentrated live load of 24 tons moving across the bridge. 

Solution.— From the principles of paragraph 1648, we see that the maximuin stress 
in any of the chord members is obtained by placing the live load at the panel point 
which would be the center of moments in finding the stress in a chord member. For 
example the maximum stress in ON, will be obtained by placing the live load at C. 
First writing on the truss the stresses in the chord members due to the dead loads we 
have the figures in parenthesis in Fig, 165^. Adding the 48 stress in ON due to the 
dead load to the 36 stress in ON due to the live load, we have a totad stress in QN of 


504 


Civil Engineering. 


84. By placing the live load at other panel points, we have the maximum live load 
chord stresses as shown by figures not in parenthesis in Fig. 1662 A. The sum of the 
two will be the index coefficients of the total maximum stresses. 



1653. Problem.~-A uniform live load of 20 tons per panel point moves over the 
ower chord of the truss shown in Fig. 1653A. Find the index coefficient of the maxi- 
mum stress in DG. 


D 
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Solution. — ^The TnaxiT niim stress is obtained in DG when the live load is at all the 
panel points except panel point G. (See Fig. 1653B.) With this loading we have 
index coefficients of 

3 due to dead load alone 
15 due to live load as placed 

18 total 
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1654. By problems similar to the above, with concentrated live loads 
and uniformly distributed live loads, on a truss without dead loads and 
with dead loads, we find the following general principles to be true of 
trusses with parallel chords: 

a. In a truss assumed without weight, resting on end supports and 
acted upon by a concentrated live load.* 

(1) The maximum stress in any one web member is obtained 
by placing the live load between the middle of the truss 
and the member and as near the member as the method of 
loading will permit. 

♦ Compare with beams, par. 404. 
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(2) The maximum stress in any of the web members is that in 

the web members next to the supports: this occurs when 
the live load is between the middle of the truss and the 
member and as near the member as the method of loading 
will permit. 

(3) The maximum stress in any one chord member is obtained 

by placing the live load between the center of moments 
for that member and the middle of the truss and as near 
the center of moments as the method of loading will per- 
mit. 

(4) The maximum stress in any of the chord members is that 

in the chord member at the middle of the truss: this 
occurs when the live load is between the center of moments 
for that member and the middle of the truss and as near 
the center of moments as the method of loading will permit. 

6. In a truss assumed with a dead load, resting on end supports, and 
acted upon by a concentrated live load.* 

(1) same as a (1) above. 

(2) same as a (2) above. 

(3) same as a (3) above. 

(4) same as a (4) above. 

c. In a truss without weight resting on end supports, and acted upon 
by a uniformly distributed live load sufficient to load all the panel points 
at one time.t 

(1) The maximum stress in any one web member is obtained 

when the live load covers the greater segment and the 
end of the live load is so placed that it is between the middle 
• of the truss and the middle of the member and as near the 
member as the method of loading will permit. 

(2) The maximum stress in any of the web members is that in 

the web members next to the supports: this occurs when 
the live load covers the greater segment and the end of 
the live load is so placed that it is between the middle of 
the truss and the member and as near the member as the 
method of loading will permit. 

(3) The maximum stress in any one chord member is obtained 

when the live load covers the entire truss. 

(4) The maximum stress in any of the chord members is that 

in the chord member at the middle of the truss: this oc- 
curs when the live load covers the entire truss. 

* Compare with beams, par. 406. -f Compare with beams, par. 412. 
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d. In a truss assumed with a dead load, resting on end supports, and 
acted upon by a uniformly distributed live load sufficiently long to load 
all panel points at one time;* 

(1) The maximum stress in any one web member in the left half 
of the truss decreases as the head of the live load moves 
from the left support to the panel point between the middle 
of the truss and the member and as near the member as 
the method of loading wiU permit, increases while the head 
moves beyond this panel point, increases while the tail 
moves from left support to this point, decreases while the 
tail moves beyond this point. 

(2) Same as e (2) above. 

(3) Same as c (3) above. 

(4) Same as c (4) above. 

1655. Counterbraces. — In the preceding discussions of the effects 
of a concentrated or a uniformly distributed live load, we have considered 
only the maximum stresses which may be produced in a member. This 
is not sufficient to insure proper design of a truss. The effect of a live 
load in certain positions may be such as to change the character of the 
stress in a member from tension to compression or the reverse. This 
produces added complications of design, because members are designed 
to carry only one kind of stress. 



Fi£l6S5^ 

For example let us consider the possible reversals of stress in Fig. 
1655A, loaded as shown, and with a concentrated live load of 24 tons 
moving across the truss. 

The index coefficients of stresses in the web members due to dead 
load above are shown by the figures in parenthesis: the arrows show 
the character of the stresses. 

If, now, the concentrated load of 24 tons is at panel point D, 15 tons 
will be transmitted to the left support and 9 tons to the right support. 
The 15 tons to the left support are transmitted by compression in DN, 
tension in NC, compression in CO, tension in OB, compression in BP, 
and tension in P A, each of which is designed for this kind of stress and 
consequently there are no reversals of stress to the left of the concen- 
• Compare with beams, par. 414 . 
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trated load. The 9 tons to the right support are transmitted by com- 
pression in DM, tension in MF, compression in FL, tension in LG, 
compression in GK, tension in KH, compression in HJ, and tension 
in JI: each of which escept DM, is designed for this kind of stress. 
DM now has a tension of 4 tons due to dead load and a compression 
of 5 tons as the result of both loads, which means that the stress in DM 
is reversed. But, in bridge design, except in riveted Warren trusses, 
no tension members are designed to cany compression: therefore, the 
bridge will fail unless DM is designed to carry both tension and com- 
pression or unless some change is made in the design. 

The system of counterbracing is adopted to overcome these difficul- 
ties. The broken line NE (Fig. 1655A) is a counterbraee. With NE 
in the design, 4 tons of the 9 compression balance the 4 tons tension 
in DM so that there is 0 stress in DM-, and the remaining 5 tons com- 
pression are transmitted to the right support by compression in DN, 
tension in NE, compression in EM, and thence via MF, FL, LG, GK, 
KH, HJ, and JI, with stresses for which originally designed. 

If the concentrated load of 24 tons is placed at C, 6 tons will be trans- 
mitted to the right, which will reverse the stress in DM, but not in CN. 
If the load is placed at F, the 9 tons transmitted to the left support will 
reverse the stress in FM, making necessary a counterbrace LE as shown 
by the broken line. 

For the concentrated load of 24 tons, no other counterbraces are 
needed than NE, and LE. For a larger concentrated load or with a 
uniformly distributed load, other members may be reversed, as CN 
and GL, near the middle of the truss. 

Study of the possible positions of the live loads which may cause 
reversal of stresses and require counterbracing, shows that the stresses 
of the web members near the center are first reversed, and those near 
the supports are rarely if ever reversed. 

1656. Problem. — In the truss (Fig. 1666A) with dead loads as shown, and with 
members designed to carry stresses as indicated by the arrows, find: 


A 



a. What load at C will make the index co^dent of the stress in AB equal to 2 in 
compression? 

b. If the interior diagonals take tension only, put in counterbraces where needed for 
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this load, and write the index coefficients for each member with these coimterbraces in 
place. 

Solution. — a. With the dead load as shown, the stress in AB is 12 in tension. To 

W 

make it 2 in compression, it must transmit 14 to the left support. Hence = 14. 

b 

W = = additional load required at C. 

h. See Fig. 1656B. 


A 



METHOD BY GRAPHIC STATICS. 

1657. The Graphic Method is also used to determine the stresses in 
a bridge truss. As with the roof truss, it has certain advantages and 
disadvantages. 

The advantages are: 

а. It is often quicker. 

б. It is much simpler, when the chords of the truss are not parallel. 

c. It is simpler, when the reactions are not vertical. 

d. An important error becomes evident in the graphical method where- 

as an error in numerical computations may not be detected. 
The disadvantages are: 

а. It is not as accurate: numerical computations are exact whereas 

drawings are not exact. 

б. It is not as quick when the chords of the truss are parallel. 

1658. Problem. — ^Let it be required to find graphically the stresses in the truss 
shown in Pig. 1658A. 



Solution. — The reactions are: 13 at the left support and 11 at the right support. 

Draw the force polygon ij~:jk~klr-la-ai, as shown in Fig. 1658B. Start with the 
reaction LA (la) which is Imown. Draw ah parallel to AB, and lb parallel to LB, 
meeting at 6, and forming the stress diagram lab. Similarly, draw the stress diagram 
for each of the other panel points as shown in Fig. 1658B, forming the complete stress 
diagram. The characters (direction) of the stresses are as indicated in the diagram. 
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being obtained by following the perimeter in order as indicated by the known forces or 
known stresses. 



Fig. 1658 B 


1659. Problem. — Find graphically the stress in each member of the cantilever 
(Fig. 1659 A) and the reactions at the supports. 



Fi^. 1659 A 


Solution. — In this problem, it is not necessary to determine the reactions at once. 
Beginning at the right, the stress diagram for each panel point may be drawn in suc- 
cession, with as much of the force polygon as necessary. Each panel point is solved 



in succession. When the wall is reached, the reactions at the upper and lower chords 
in eadi case are the only unknowns, and the direction and intensity of each are ob- 
tained by simply closing the stress dia^am in each case. The complete diagram is 
shown in Fig. 1659B. 
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1660. Problem* — ^Let it be required to design a bowstring truss with straight lower 
chords and eight panels loaded as shown in Fig. 1660A, the design to be graphical and 
the upper chord to have an inclination such that there will be no stress in the diagonal 
web members. 



Solution. — ^Draw the force polygon raklmnopqr (Fig. 1660B). Assume the slope of 
the chord member AB and draw ah in the stress diagram parallel to it. Draw the 
stress diagram hcc'qr representing equilibrium about panel point BCC'QR, in which 
c and c' coincide because there is to be no stress in CC'. 



Draw the stress diagram hoc representing equilibrium about the panel point BAC, 
The inclination of AC is determin^ by the fact that it must be parallel to ae. 
Si m ilarly, the inclination of the remaining members of the upper chord may be de- 
termined. 

1661, The same result may be obtained analytically. Let it be required to deter- 
mine the heights of the vertical web members of the bowstring truss, shown in Fig. 
1661A, so that there wiU be no stress in the diagonal web members. 

Let I = length of truss AI. 

V = length of panel. 
h = height of truss EN. 

W =DO, 
h" =CP. 
h'" = BQ. 

Passing a plane cutting BE and and taking moments about E we have 

7TFX4r ^2TFX3Z'-2TFX2i' -2TFx2' + stress02Sr Xfe = 0; 
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Thence h = —16 jy (1661A) 

Passing a plane cutting CD and PO and taking moments about D of the upper chord, 
7Wx3I'-2T7x2I'-2TFi'+ stress PO X h' = 0; 

Thence h' = (1661B) 

Passing a plane cutting BC and QP and taking moments about C of the upper chord, 
7W X2r -2W Xl' + stress QP X h" = 0; 

Thence *» = (1661D) 

Similarly, we find that 

7 Wl' 
stress AQ 

li there is no stress in the diagonal web members, the stresses in ON, PO, QP, and 
AQ must be equal. Hence to fulfill the conditions that there shall be no stress in the 
diagonal web members, the relative values of h, W, h", and h'", in the truss shown in 
Fig. 1661A, must be as 16, 15, 12, and 7. Having assumed one of these lengths, the 
others must have the relative length deduced. 



To support a moving load such a truss would require diagonal main braces and 
counterbraces. The bowstring truss is more easily solved by the graphic than the 
analytic method. 

1662. Problem- — ^Let it be required to find graphically the reactions and the stress 
in each member of the three-hinged arch truss, with loads, as shown in Fig. 1662A. 



Solution. — ^It is known that the force of 11 tons causes reactions at the two panel 
points as shown by the resolution of the 11 tons in the figure. 

Taking the panel point ABC as a free body and drawing the two known forces 
acting through this panel point with directions and intensities as shown by the resolution 
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of the 11 tons and 8 tons, we find (Pig. 1662B) the direction and intensity of the reaction 
AB at the panel point ABC. 


h 



Now drawing the force polygon ab-bf-fi, (Fig. 1662C) and connecting i and a by the 
line ia, we have the reaction at the right panel point and also the complete force polygon. 
The stress diagram (Pig. 1662C) is completed in the usual manner. 



BRIDGE ERECTION. 

1663. The term plant is applied to the derricks, travelers, and other 
machinery employed in erecting the bridge; the term false work to the 
trestling that supports the bridge during erection. A traveler is a car 
which runs on a track bn the upper or lower chord platform and supports 
a longitudinal cantilever or crane at a level above that of the upper chord : 
the cantilever is provided with hoisting apparatus. 

A bridge should have all its parts prepared before leaving the shop; 
no work ^ould be done on a structure in place which can be done before 
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erection. Power and machinery should be employed in prefwence to 
labor. 

Bridge superstructures are erected in general in one of the three fol- 
lowing ways or combinations thereof: 

(1) as a imit. 

(2) on false work. 

(3) cantilever method. 

1664. Erection as a Unit. — ^Plate girders and trusses with a span not 
exceeding 100' may be erected as a unit by using derrick cars, derricks, 
or gin poles. When small span girders or trusses are shipped in more 
than one piece, they are riveted on shore. If derrick cars are not avail- 
able, a diort span girder may be put into place by moving it as a whole 
on rollers which are supported on stringers resting on trestle bents: 
a large girder is hauled into position by a rope attached to a capstan. 
A small Howe truss like that shown in Fig. 16251 can be assembled on 
shore and placed in position in the same manner as a girder. Trestle 
bents if not too high are framed on the ground and then lifted into place. 
High bents and towers are raised into position by use of the ordinary 
hoisting apparatus. Small span steel arches are erected as a unit. 

1665. Erection on False Work. — With spans up to about 400' and 
where trusses cannot be erected as a imit, the trusses are erected on 
ordinary framed wooden false work, by means of one or two derrick 
cars on gantry travelers. A pin-connected bridge is erected on false 
work in the following order: floor system, lower chord, web members, 
top chord, lateral and sway bracing. 

In erection of suspension bridges, the main and auxiliary cables are 
placed as soon as possible; and they serve for support of the rest of the 
bridge in the same maimer as the false work serves in erection of truss 
bridges. 

Masonry and reinforced concrete arches are constructed on false work 
called centers, as already described. 

1666. Cantilever Method of Erection. — ^The cantilever method is 
employed in all cantilever bridge construction and for other bridge t37pes 
where false work is impracticable because of ice, flood, swift current, 
navigation requirements, or expense. The cantilever method consists 
in constructing two separate cantilevers, from opposite sides of the span, 
and uniting them at the center by a suspended truss. Each cantilever 
which is being constructed from one side of the span is counterbalanced 
by a similar one constructed at the same time on the opposite side of 
its tower, or by a truss which has been previously constructed. The 
su^nded truss which is to connect the two cantilevers coming from 
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opposite sides of the span is constructed as a part of the two different 
cantilevers; when the two cantilevers are united at the middle point 
of the span, the upper chord is severed between each cantilever and its 
part of the suspended truss. The stresses in the chords of the suspended 
truss during construction are therefore the reverse of their final stresses. 
This change must be provided for in the design. When truss bridges are 
erected by this method, special anchorages and counterweights are re- 
quired or alternate spans must be erected in advance to serve as anchor- 
ages. Steel arch bridges are usually constructed by the cantilever meth- 
od, the diaracter of the site being such that the semi-arches can be held 
by cables imtil they are united at the crown. If the site does not admit 
of this method of construction, the arch is supported on a center. 

BRIDGE DESIGN. 

1667. The designing of a bridge consists in applying to the site and 
object of the bridge the principles as enunciated in the text. Each site 
will cause different problems; and the object for which the bridge is 
designed, whether for use in a road, railway, or viaduct, or combination 
of these, will determine which of certain standard designs will be required 
or whether a special design will be needed throughout. 

Procedure in Design. 

1668. Let us assume that it has been decided by competent authority 
that a certain bridge is desirable and that the requisite funds are avail- 
able to provide it. It remains then for the engineer to design a suitable 
structure and to proceed to its construction. In some cases, complete 
working drawings may be prepared and sent to the shop. The entire 
structure may then be fabricated and shipped to the site independently 
of the erection forces in the field. In other cases, many features of the 
design can only be tentative and must be modified depending upon de- 
velopments during construction. In these latter cases, design and con- 
struction proceed together, the completeness of the preliminary design 
depending upon the extent and accuracy of the original data. 

The engineering departments of railways, bridge companies, and other 
large concerns, gradually accumulate sets of type plans for different 
classes of work and then the adjustment of such plans to varying sites 
and circumstances may be left to the engineer in charge of construction. 
In any case, however, the designing force keeps the details as much ahead 
of the construction as possible in order to relieve the man in the field of 
computing and drafting. The man in the field not only has no suitable 
facilities for sudi work but he also needs to bend all his energies and 
time to a different class of problems; that is, to questions of location, 
construction, or erection, and the handling of men, materials, and plant. 
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1669. The objects of design are, first, to provide a structure that will 
be safe under any probable circumstances, and, second, to do this as 
economically as possible. The site of the proposed structure should be 
surveyed and a rnap prepared. 

The objects of this survey are 

а. To locate the structure in the most economical position. 

б. To make it possible to specify its details in advance. 

c. To determine quantities and to estimate cost. 

Property lines, buildings, contours, soundings, and borings, should be 
taken. The borings should extend to rock; and if there is any doubt as 
to the character of the rock, it should be examined by means of cores 
withdrawn by the diamond drill. A few rough measurements often show 
the impracticability of some designs. Every possible location should 
be considered carefully. It may be necessary to place the structure at a 
particular spot, but it is even then best to make the survey for purposes 
of location and to secure data for detailed plans. 

Illustration. 

1670. To indicate the necessity for thorough information, let us take 
the case of two towns on opposite sides of a valley which are to be con- 
nected by a railway. The cost of operation would be least if alignment 
and grade were straight from one town to the other. But first cost 
would probably be lessened by: 

а. Going farther up the valley and using a shorter bridge. 

б. Starting at a lower level at the towns, with a deeper cut, thus 
lessening the height of approaches and piers. 

c. Lowering the grade in the valley. 

Various modifications and combinations of these extremes should be 
worked out. 

1671. The Requirements of Economy. — ^The alignment and grade be- 
ing chosen, decision is next required as to whether it is best to use a 
viaduct, or a bridge with abutments, or to fill all the way across, leaving 
only a culvert. In the first two cases calculations must be made as to 
where it will be economical to stop the fill and begin the viaduct or bridge. 

Roughly speaking it is advisable to stop the fill at a depth where cost 
of fill per lineal foot becomes greater than the cost of the bridge per lineal 
foot. However, the location of a bridge involving the smallest cost of 
construction is by no means the only desirable result to be obtained; 
economy of operation plays an important part and hence a very prom- 
inent engineer has defined Engineering as “ The art of making a dollar 
earn the most interest.” 
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It must be remembered, too, that maintenance charges are much 
lower for a properly-built fill than for a bridge and that no sinking fund 
would be required. These considerations operate in favor of the fill or 
tend to increase the depth to which the fill should be extended. 

The sum of the following aimual charges should be a minimum: 

а. Interest on the first cost. 

б. Maintenance. 

c. Sinking fund. At the expiration of the life of the structure, this 
fund must be sufficient to rebuild it. 

d. Operation. 

The following simple example will show how the elements of cost 
enter into the problem. Suppose two alternative schemes for a draw- 
bridge are as follows: No. 1 will cost $200,000.00; repairs, painting 
and so forth, $400.00 per year, bridge is estimated to last 30 years; it 
will be operated by nine men at a total cost of $20.00 per day. For 
No. 2, the corresponding quantities are: cost $150,000.00; repairs 
$300.00; duration 25 years; operation, 12 men, $27.00. Taking masonry 
alike in both cases and interest at 4 per cent, we may compare as follows: 


Scheme 

1 

2 


Interest Maintenance Sinking 
Fund 

$8000 $400 $3560 

6000 300 3600 


Operation Total Annual 
Chaxge 

$7300 $19,260 

9866 19,766 


The above analysis shows a slight advantage in No. 1. 

1672. Materials. — ^Location and ends of fill being decided, is it best to 
use timber, steel, reinforced concrete, or combinations of these? Tim- 
ber is cheaper in its first cost; but maintenance and renewal charges are 
higher. I^operly-built masonry bridges require neither maintenance 
nor sinking fund charges; but their first cost is high, they cannot be used 
for long spans, and they are ill-suited to foundations on compressible 
soils. 

1673. Span. — ^The material having been selected, what shall be the 
spans? Shall they be uniform, making superstructures alike, or shall 
they increase as the valley becomes deeper? One veiy long span might 
be used or many very short ones; but the former would result in an 
exceedingly expensive superstructure, while the latter would require 
many abutments and piers, thus increasing the cost of the substructure. 
As a rough rule, the cost of the piers should equal that of the trusses. 

1674. Type. — ^Next comes type of bridge. Assuming that a steel 
superstructure has been selected, it is now necessary to decide whether 
it shall be plate girder, suspension, cantilever, or simple truss; and also 
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if it shall be a through, pony truss, or deck structure. The answers to 
all these questions can be determined only after the site has been thor- 
oughly examined and surveyed. 

1676. Structural Shapes. — ^Type having been determined upon, what 
should be the individual pieces, what combinations of structural shapes 
will carry the stresses economically and make easy and efficient joints? 
Even in the details of the latter, there are various selections, each having 
its advantages. 

Take the case of a plate girder of a given span and loading. The 
weight of the web and fittings is about constant per linear foot. Let 
D represent depth. We may then say: 

Total weight of web = CiD (1676A) 

The area of the flange and hence its weight will vary inversely as the 
depth, or 

Total weight of both flanges = C^/D (1676B) 

Total weight of girder = CJ) -f- C^/D = W (1676C) 

For the minimum value of W, 

dW/dD = Cl- Ci/D^ = 0 

or CiD = Ci/D (1676D) 

Hence, depth of girder should be made such that weight of both flanges 
equals that of the web and its fittings. The above assumes, as often 
happens, that minimum thickness of web suffices. Where it does not, 
the depth should be increased as much as practicable or until minimum 
thickness of web is reached. 

1676. In the above, are indicated only a few of the questions which 
are interwoven with the problem of design. Some, it will be noticed, 
are a little outside the province of the structural engineer. In all cases, 
the general rule to be followed is: Choose the most economical design 
which gives the required degree of safety. 

Very often, considerations other than economical ones will govern. 
Such for instance, are architectural appearance or legal difficulties. 
All possible alternatives, however, should be very carefully investigated. 

For doubtful or irregular cases, several designs should be made with 
estimates of quantities and costs. The greater the magnitude of the 
work, the more the need for careful design. To design a small or ts^pical 
structure, it is best to follow current practice rather than spend a large 
amount of money in design: a saving of $60.00 in material at a cost 
of $100.00 in the drafting room is poor engineering. On the other hand, 



518 


Civil Engineering. 


it is poor economy to tolerate clumsy or expensive shop details in order 
to avoid the expense and work of drafting a suitable design. 

1677. Summarizing the above illustrations, there are tabulated below 
the different steps in the work of designing a simple highway bridge, 
the steps being performed in the following order. 

a. design of floor planks. 

5. design the stringers. 

c. cheek assumed weight of stringers. 

d. design the floor beams. 

e. check assumed weight of floor beams. 

/. determine the number of rivets required to fasten stringers to floor 
beams. 

g. determine stress coefficients of various truss members for uniform 

dead loads of unity. 

h. determine maximum stress in each member due to the live load. 

i. prepare stress sheet. 

j. design all truss members of construction. 

k. determine area of sole plate. 

l. determine rivets required to fasten floor beams to truss verticals 

and to end gusset plate. 

•m. check assumed weight of truss. 
n. prepare erection diagram. 

0 . prepare detail shop drawings, 
p. bill of materials. 


COSTS 

1678. The following list gives a comparative idea of the costs of 
bridges, based on actual cost of bridges completed in 1923; 

86' Steel Pratt truss bridge with 27' roadway and 


two 5' sidewalks $ 31,000 

122' Steel truss bridge 25,000 

225' Reinforced concrete bridge 70,000 

640' Double track cantilever bridge 3,000,000 


For more detailed information, see: 

Theory of Structures, Spofford. 

Foundations of Bridges and Buildings, Jacoby and Davis. 
Roofs and Bridges, Merriman and Jacoby, 

Concrete Engineer's Handbook, Hool and Johnson. 
Cyclopedia of Civil Engineering. 

Civil Engineering, Fiebeger. 

American Civil Engineer’s Pocket Book, Merriman. 
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PROBLEMS. 

P. 1601. Compute the impact in pounds for a bridge member subjected to the 


following conditions: 

Maximum live stress 200,000 pounds 

Dead stress 100,000 pounds 

Loaded length when stress is a maximum 100' 


P. 1602. A railroad freight car 40' long, 10' high, floor 4' above the track, 8' wide, 
weight 20 tons is exposed to a horizontal wind perpendicular to its side. Determine 
wind pressure per square foot necessary to tip the car. 

P. 1603. A railway plate girder bridge, carrying a single track supported by stringers, 
floor beams, and two plate girders, composed of 7 panels of 10' span each, has the fol- 
lowing dead weight: 

Stringers, 50 pounds per foot per stringer (2 stringers) 

Track, (rails, ties, etc.), 400 pounds per foot of track 

Floor Beams, 100 pounds per foot of beam (14' long) 

Girders, 300 pounds per foot of girder. 

(a) Compute maximum dead load shear in the first and second panels from one end. 

(b) Assuming the stringers placed 8' apart, draw curve of dead load moments in 
first floor beam beyond the abutment. 

P. 1604. On the bridge described in Problem 1603, compute maximum live load 
shear in first and second panels from one end when train with engine load of 8000 pounds 
per foot for 20 feet, followed by train of uniform load of 5000 pounds per foot, longer 
than the bridge, passes over the bridge from the direction opposite the abutment from 
which the panels are counted. 

P. 1605. Design a steel I-beam stringer for the bridge and loads described in Prob- 
lems 1603 and 1604, with 75 per cent impact. 

P. 1606. A bridge pier, 8' square at the top, 40' high with a batter of 1/10 weighs 
160 pounds per cubic foot. Determine unit pressure on base if load on the top (weight 
of bridge) is 600 tons, and water stands 20' above the level of the foundation of the pier. 

P, 1607. Compute the weight of steel in a 130' highway bridge whose trusses are 
16' center to center, given W = 34 +22 b + 0.16 bl + 0.7 1. 

P. 1608. Prove that the stress in a diagonal of a horizontal chord truss with a simple 
web system is W sec </>. 

M 

P. 1609. Prove that the chord stress of a horizontal chord truss is -t- where M is 

ti 

the moment at the point, and h is the height of the truss. 

P. 1610. Compute the maximum positive and negative live load shears in a 13 panel 
Howe truss, the live panel load being 40,000 poimds. 

P. 1611. If the end shear of a plate girder is 394,500 pounds, design the web section, 
it being 108" deep. 

P. 1612. If the dead load moment is 8,489,000 inch-pounds and the live load moment 
is 30,610,006 inch-pounds, design the flange of a plate girder, if distance back to back 
of flange angles is 7'6i", it being assumed that the web does not take any bending mo- 
ment. 

P. 1613. If in the girder in Problem P, 1612, the web were 90" X design the 
flange, considering i of the gross area of the web as effective flange area. 
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P. 1614. A masonry bridge pier of uniformly rectangular cross-section, 30' long, 
12' wide and 50' high. The weight of the bridge is 150 tons and acts at two points on 
the longer axis of the top of the pier at distances from the middle point of 10'. The 
iiiaximum horizontal thrust of the bridge span is equally divided between these two 
points, is perpendicular to the long axis of the top of the pier and amounts to 10 tons. 
The weight of the masonry is 150 pounds per cubic foot. Find the position of the center 
of pressure on the base. Has the pier sufficient width of base? Assuming that there is 
no adhesion of base to its foundation, what is the maximum pressure in tons per square 
foot? Tons of 2000 pounds each. 

P. 1615. In what positions will a loaded wagon of 8' between axles produce the maxi- 
mum shear and bending moment in the stringers of a bridge 15' long? What will be 
the value of these stresses (shear and bending moment), assuming each front wheel to 
carry i of the load of the wagon and each rear wheel to carry f of the load. 

P. 1616. A road-roUer, 8' between front and rear axles, passes over a bridge whose 
floor is supported by 4 steel I-beams 24' long. The weight on front wheels is 4 tons, 
and on rear wheels is 12 tons. Select the I-beams, in order that the load may be safely 
borne. Assume that one I-beam takes half the weight of the roller. Neglect weight 
of floor and I-beams. 

P. 161T. A crowd of people, weight 150 pounds per square foot moves over a bridge 
whose roadway is 40' wide. The floor is supported by 4 I-beam stringers spaced 13'4" 
center to center and each 18' long. Select the proper stringers. Assume that the floor 
weighs 20 pounds per square foot. 

P. 1618. A railway plate girder bridge 2 girders, 5' deep, 40' span, 10' wide, carries 
a uniformly distributed load of 10 tons per square foot. Find the maximum shearing 
stress in one girder 12' from one end when a train weighing 2^ tons per linear foot crosses 
the bridge. Also find the nainimum theoretical thickness of the web at the support, 
4 tons per square inch being the safe shearing stress of the metal. 

P. 1619. (Fig. P. 1619.) With the truss and loading given, write out the reactions at 
the supports. 
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P. 1620. (Pig. P. 1620.) With the truss and loading given, write out the reactions 
at the supports. 
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P. 1621. (Fig. P. 1621.) With the truss and loading given, write out the reactions 
at the supports. 



tinr 




Fig. P 1621 


P. 1622. (Fig. P. 1622.) By the analytical method of concurrent forces, find the 
stresses in the different members of the truss, with the loading indicated. 



P. 1623. (Fig. P. 1623.) By the method of sections, find the stresses in the dif- 
ferent members of the truss with the loading as given. 



Fig. P 1623 


P. 1624. (Fig. P, 1624.) By the method of sections, find the stresses in the differ- 
ent members of the truss with the loading as shown. 



/J8T 


Fig. P 1624 
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P. 1625. (Fig. P, 1625.) By the method of sections, find the stresses in the differ- 
ent chord members of the truss with the loading as given. 



Fig. P 1625 


P. 1626. (Fig. P. 1626.) The triangles in the truss are equilateral, the length of 
each side being 20'. By the method of sections, determine the stresses in the following 
members: — 

(a) AB. (5) CE. (c) CD. 


a 


TOT 



Fig. P 1626 


P. 1627. (Fig, P. 1627.) Write on the members of the truss the numerical coeffi- 
cients of the stresses in the members. 



Fig. P 1627 

P. 1628. (Fig. P. 1628.) Write on the members of the truss the numerical coefficients 
of the stresses in the members, when a concentrated load of 60 tons is at panel point A. 



Fig. P 1628 
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P. 1629. (Fig. P. 1628.) Write on the members of the truss the numerical coeffi- 
cients of the stresses in the members, when a concentrated load of 120 tons is at panel 
point B. 

P. 1630. An I-beam bridge stringer 18' long, carries a uniformly distributed dead 
load of 9000 pounds. Two wheels, 6' apart, the one bearing 6000 pounds and the other 
3000 pounds, roll over the joist. Find the maximum shear at the supports, and at 
6' from each end. 

P. 1631. The base of a masonry bridge pier is 7 by 10', and the center of pressure is 
one foot from the center of the base, measured parallel to the longer side. The weight 
of the bridge being 40,000 pounds, find the imit pressure at the corners. 

P. 1632. At the base of an abutment 6' wide, the pressure at one edge is 20 pounds 
per square inch; at the opposite edge it is 5 pounds per square inch. What is the mean 
pressure and where is the center of pressure? 

P. 1633. A four panel Howe truss, resting on end supports, is loaded with a concen- 
trated load of four tons at each panel point of the lower chord. Panel length = I 
and panel depth = d. By the method of sections, determine the stresses in all the mem- 
bers of the third panel from the left. 

P. 1634. A six panel Howe truss, resting on end supports, is loaded with a concen- 
trated load of 4 tons at each panel point of the lower chord. The diagonal web mem- 
bers make an angle with the vertical. By the method of sections determine the stresses 
in all the members of the fourth panel from the left. 

P. 1635. (Pig. P. 1635.) By the method of sections, determine the stresses in the 
chord members of the truss with the loading as shown. 



P. 1636. (Fig. P. 1636.) By the method of sections determine the stresses in the 
members BC and FC, 
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P. 1637. (Pig, P. 1637.) By the method of sections, find the stresses in AB, BC, and 
CD. Write results in terms of 



P. 1638. In the Pratt truss (Fig. P. 1638), what is the least concentrated load which, 
placed at C, will reverse the stress in PG? What is the least concentrated load which, 
placed at E, will produce the same result? 


jsr jp JD 



P. 1639. What is the weight, per panel length, of the least uniform load which, 
moving over the Pratt truss, Fig. P. 1638, will reverse the stress in FG7 Employ 
conventional loading. 

P. 1640. A concentrated load of 4 W is moved over the lower chord of the Howe 
truss (Fig. P. 1640). Insert counterbraces where necessary in the truss, and find 
counterbrace stresses. 



P. 1641. A uniformly distributed live load, whose weight per panel length is 3 TV, 
moves over the same truss (Fig. P. 1640); insert the necessary counterbraces and de- 
termine the stresses in them. 
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P. 1642. (Pig. P. 1642). Write on the members of the truss the numerical coeffi- 
cients of the stresses in the members. 



P. 1643. (Fig. P. 1643.) Write on the members of the truss the numerical co- 
efficients of the stresses in the members. 





Fig. P 1643 


P. 1644. (Fig. P. 1644.) The numerical coefficient of the dead load stress in the 
member CD is 12 compression. What concentrated live load on the lower chord will 
reduce the stress in this member to 0? 



P. 1645. (Fig. P. 1645.) There is a dead load of ten tons per panel point of the 
lower chord, and a concentrated live load of 40 tons moves over the top chord of the 
truss; find the greatest stress developed (a) in the chord member (b) in the web 
member DT. 
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P. 1646. In an eight panel Pratt truss insert the necessary counterbraces for a con- 
centrated moving load of 8 and a dead load per panel point of 2 on the lower panel points. 

P. 1647. ,(Fig. P. 1647.) The truss is to be constructed to support a concentrated 
live load of 90 tons applied at the upper panel points and the dead load as shown. 
Determine which panels must be counterbraced and the maximum stress which each 
counterbrace must be designed to carry. 



P. 1648. A five panel Warren truss, resting on end supports, carries a dead load of 
10 tons concentrated at each panel point of the lower chord. Determine the numerical 
coefficient of the stress for which each member of the truss must be designed in order to 
carry on the lower chord a concentrated live load of 50 tons. 

P. 1649. (Fig. P. 1649.) The figure shows a truss and its dead load of 2 tons per 
panel point. The truss is to be built to carry in addition a concentrated live load of 
24 tons on the upper chord. 

(a) Determine what panels must be counterbraced and what stresses each counter- 
brace must be designed to carry. 

(b) Determine what stress the member DJ must be desig^ned to cany. 



Pip. P 1649 


P. 1650. (Fig. P. 1650.) The figure shows a truss and its dead load of 2 tons per 
panel point of the lower chord. A concentrated load of 32 tons may be applied at any 
panel point of the upper chord. 

Determine what panels must be countobraced and what stress each counterbrace 
must be designed to carry. 



Fig. P 1660 
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P. 1651. A six panel Pratt truss, resting on end supports, carries a dead load of 2 
tons concentrated at each panel point of the lower chord and a concentrated live load 
of 6 tons on the lower chord. 

Determine the stresses for which each of the web members, including the counter- 
braces, must be designed. 

P. 1652. In an eight panel Pratt truss with a concentrated moving load of 8 and a 
dead load of 2 per panel point of the lower chord, write the maximum numerical co- 
efficients in each chord and web member and in each cotmterbrace. 

P. 1653. (Fig. P. 1653.) The figure shows a truss whose dead load is 6 tons per 
panel point of the lower chord and whose live load is uniformly distributed and equal 
to 18 tons per panel point of the lower chord. The live load is longer than the truss. 

(а) Find the greatest stress in the member DK» 

(б) Find the greatest stress in the member J K. 



Fig. P 165$ 


P. 1654. (Fig. P. 1654.) The numerical coefficient of the dead load stress in the 
member PQ i^ 2 tension. What is the smallest uniformly distributed live load per 
panel point of the lower chord of length longer than the truss which will reverse the 
stress in member PQ? 



Fig. P 1664. 


P. 1655. (Fig. P. 1655.) The figure shows a truss and its dead load of 4 tons per 
panel point. The truss is designed to carry in addition a uniformly distributed live 
load of 35 tons per panel point of the lower chord. 

(а) By the method of sections determine the stress in the member DN due to the 
dead load alone. 

(б) Determine the stress which the member DE must be designed to carry. 

(c) Determine the compressive and tensile stresses which the member DM must be 
designed to carry. 



Fig. P 1665 
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P. 1656. (Fig. P. 1658.) The figure shows a truss whose dead load is 6 tons per 
panel point of the lower chord and whose live load is a uniformly distributed load on 
the lower chord of 24 tons per panel point. The life load is longer than the truss. De- 
termine where tensile counterbraces are needed and the greatest stress which each will 
have to bear. 

P. 1657. (Fig. P. 1657.) The figure shows a truss and its dead load. 

(a) Write on the members of the truss the numerical coefficients of the dead load 
stresses and indicate the functions of tj> to be used therewith. 

(h) If the truss is to carry a uniformly distributed live load of 25 tons per panel point 
of the lower chord in addition to its dead load, determine the stresses for which the 
members EF, CD and DF must be designed. 


B D F S nJ 



P. 1658. (Fig. P. 1658.) The figure shows a truss whose dead load is 6 tons per 
panel point of the lower chord and whose live load is uniformly distributed and equal 
to 12 tons per panel point of the lower chord. The live load is longer than the truss. 

(a) Which member of the upper chord will be subjected to the greatest stress? What 
will 136 the value of this stress? 

(b) Which member of the lower chord will be subjected to the greatest stress? What 
' will be the value of this stress? 

(c) Which of the web members will be subjected to the greatest stress? What 
will be the vsdue of this stress? 


£ C J) F F 



P. 1659. (Fig. P. 1669.) The dead load per panel point of the lower chord is 3 tons 
and the live load, of length equal to the truss, is 18 tons per panel point of the lower 
chord. What is the greatest stress in each member of the truss, supposing that only 
one character of stress can be borne by each member? If any other members are needed, 
indicate them with the amount and character of the greatest stress developed. 


B C 
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P. 1660. (Fig. P. 1660.) The dead load is 12 tons per panel point of the lower 
chord and a live load, of length greater than the length of the truss, and of 60 tons per 
panel point, moves over the lower chord of the truss. In what members will the stress 
be reversed and how much? 


B C D :e F a BC. I J’ IC B 



P. 1661. A six panel Howe truss, resting on end supports, carries a dead load of 4 
tons concentrated at each panel point of the lower chord, and a imiformly distributed 
live load of 24 tons per panel point of the lower chord. What counterbraces are neces- 
sary and what stresses must they be designed to carry? 

P. 1662. A six panel Pratt truss, resting on end supports, carries a dead load of 4 
tons concentrated at each panel point of the lower chord and a uniformly distributed 
load on the lower chord of 30 tons per panel point. What counterbraces are necessary, 
and what stresses must they be designed to carry? 

P. 1663. In an eight panel Pratt truss, with a dead load of 2 per lower panel point 
and a uniformly distributed live load of 8 per lower panel point, write the maximum 
numerical coefficient in each chord and web member and in each counterbrace. (Diag- 
onals take tension only.) 

P. 1664. (Fig. P. 1664.) (a) What is the least concentrated load which when 

appKed at 0 will reverse the stress in DiST? 

(6) What is the least concentrated load which when applied at P will reverse the 
stress in DAT? 

(c) What is the least concentrated load which when applied at R will reverse the 
stress in DN*t (2) in CO? (3) in PP? 

(d) What is the weight per panel point of the least uniform load which moving over 
this truss will reverse? (1) DNl (2) CO? 


B C B F F G Jf 
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P. 1665. (Fig. P. 1665.) The dead load per panel point of the lower chord is one 
ton. (Diagonals take tension only, except end diagonals which take compression). 

(o) Determine the numerical coefficients of the dead load stresses in the members of 
the truss. 

(6) Determine the coefficient of the stress for which each member of the truss (in- 
cluding the necessary counterbraces), mvist be designed if the truss is to carry, in addition 
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to the dead load, a unifonnly distributed live load longer than the truss of ten tons per 
pand point of the lower chord. 


JB C 2> JE 



P. 1666. (Fig. P. 1666.) The dead load per panel point of the lower chord is 2 
tons. (Diagonals take compression only.) 

(а) Determine the numerical coefficients of the dead load stresses in the memberg 
of the truss. 

(б) Determine the numerical coefficient of the stress for which each member of the 
truss (including the necessary counterbraces), must be designed if the truss is to carry, 
in addition to its dead load, a uniformly distributed live load longer than the truss of 
15 tons per panel point of the lower chord. 

P. 1667. (Fig. P. 1667.) The figure represents a three-hinged arch loaded as shown. 
Pass an equilibrium polygon through the three hinges A, B and C. 



P. 1668. (Pig. P. 1668.) .The truss has a single concentrated load of 24 at panel . 
point C- Write the numerical coefficient of the stress in each member of the truss. 

Jt Q Jp o jr 
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P. 1669. (Fig. P. 1669.) The figure shows a three-hinged truss and its load. Find 
the reactions at the supports and the stress in the member AB. 


JOT 



P. 1670. (Fig. P. 1669.) The figure shows a three-hinged truss and its load. Con- 
nect the hinges at the points of support by a horizontal member. Find the reactions 
at the supports and the stress in the member AB. 

P. 1671. (Fig. P. 1671.) The figure shows a three-hinged truss and its loads. Find 
graphically the reactions at the three hinges and the stresses in each member of the truss. 
The members CD and GH ore 6' long. 



P. 1672. (Fig. P. 1672.) Find graphically the stress in each member of the canti- 
lever truss with the loading as shown. 



Fig. P 167$ 
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P. 1673, (Fig. P. 1673.) Find graphically the stress in each member of the canti- 
lever and the reactions at the supports. 



Fig. P 167S 

P. 1674. (Fig. P. 1674.) Find graphically the stress in each member of the canti- 
lever and the reactions at the supports. 



P, 1675. (Fig. P. 1675.) Find graphically the stress in each member of the canti- 
lever and the reactions at the supports. 
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Fig. P 1676 


P. 1676. (Fig. P. 1676.) Find graphically the stress in each member of the truss 
under the action of the forces shown. 
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P. 1677. (Pig. P. 1677.) (o) Find the reactions. (6) Find graphically the stress 

in the member CE. 



Fig. P 1677 


P. 1678. (Fig. P. 1678.) The figure shows a combined simple and cantilever truss, 
with the loads and points of support as indicated. Write out analytically the numerical 
coefficient of the stress in each member of the truss. 
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CHAPTER XVII. 

DAMS AND RETAINING WALLS. 

1701. Dams and retaining walls are structures designed for the pur- 
pose of maintaiTiing water or earth in positions other than those which 
they naturally take. The water or earth thus restrained exerts pressure 
upon the dam or wall in its effort to assume its natural position; and this 
pressure is counteracted hy the weight of the dam or retaining wall, by 
friction, and by special design of the dam. 

1702. The side exposed to the pressure is the back, the opposite side 
is the face, and the bottom surface is the base. The intersection of the 
back and the base is the heel, the intersection of the base and the face 
is the toe, and the intersection of the face and the top is the crest of the 
dam or wall. The profile is a vertical section normal to the face. The 
face and back may be either vertical or inclined, and if inclined, may be 
rither plane or curved surfaces. The slope of the inclined face is called 
the batter, and is stated as the ratio of the horizontal distance to the 
vertical distance.* 

1703. Dams and retaining walls may fail by 

а. Overturning 

h. Sliding 

c. Crushing at the toe, 

(1) of material of the structure 

(2) of material of the foundation. 

DAMS. 

1704. Figure 1704A shows all of the forces ordinarily considered in 
designing a dam. The resultant is not shown. The forces are: 

o. Water pressure on upstream side {F') 

б. Water pressure on downstream side (F") 

c. Weight of dam itself (F'") 

d. Weight of water acting so as to increase the weight of the 

dam (induded in o and h) 

e. Upward water pressure (F*^). 

* Boad and railway center line slopes are stated in percentages of rise divided by 
horizontal distance, wMch is just the reverse of the batter of dams, retaining walls, 
and side slopes. 
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Each of these is discussed separately. In practice, a linear foot of the 
dam or wall is taken into consideration, its weight and the pressures on 
it being typical of the remainder of the structure. 



1705. Water Pressure on Upstream Side. — As shown in Chapter V, 
this pressure is normal to the side pressed : the resultant acts at a point 
two-thirds of the distance below the surface of the water, and is equal to 
w}^l% cos a, in which w is the weight of a cubic foot of water in poimds, 
Ifi is the depth of the water in feet, and a is the angle which the side of 
the dam makes with the vertical. 

1706. It is customary to resolve this water pressure, F', into its vertical 
and horizontal components, as shown in !Rg. 1704A. Each is then 
considered separately. In Kg. 1706A, representing a dam whose badk 

A 


R 

■ c b 

Hi. 1706 A 

is vertical, the resultant pressure acts normal to the side BD and at a 
distance f of BD from B, or § of BD from D, and equals wh^/2 pounds. 
In Fig. 1706B, representing a dam whose back is inclined, the resultant 
pressure also acts normal to the surface, and the pressure on a linear foot 
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of the side FH must be (w X FH X hJ2) = 'wh^J2 eos a pounds. It acts 
at a distance of | of from F or f of below the surface of the water. 



The horizontal component of this pressure equals (Eq. 519D) ; 


wh^ 

2 cos oc 


X cos a = -5- pounds 


(1706A) 


Hence, whatever be the slope of the back of the wall, the horizontal 
component of the water pressure will be the same as the pressure on a 
wall of equal height with a vertical back, and will depend only upon the 
depth of the water. 

The vertical eoihponent of the pressure equals (Eq. 519E): 


sin a w¥ tan a 


Sill OL WI(r UtU OL , 

■n = 5 pounds 

2 cos a 2 ^ 


(1706B) 


in which tan a/2 is the area of the triangle FJ H, and wA® tan a/2 is 
the weight of a prism of water 1' wide (perpendicular to the page) whose 
end is FJH. Hence the vertical component of the water pressure 
against the inclined back of a dam is equal to the weight of the prism of 
water vertically above the inclined back. The action line of this weight 
(or component) intersects GH at a distance | of /H from H. As the 
action line of the vertical component acts within the base of the wall, 
it increases the total pressure upon the base. 


1707. Water Pressure on Downstream Side. — ^This acts as shown 
by F" in Fig. 1704A. It is not so deep as that on the upstream side. 
Quite often, it is not considered in the design of dams because it assists 
to counteract the pressure on the upstream side, and the omission of it 
is an error on the side of safety. When considered, it is resolved into its 
two components F/', and F/', which are considered separately as shown 
later. 


1708. Weight of Dam Itself. — ^This is the main factor in the stability 
of the dam. The weight of the material of the dam is great per unit 
of volume and it is used to overcome the effect of the water pressure 
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acting against the dam. The force, F'", acting from the center of 
gravity of the dam may be taken as the force due to the weight of the 
dam; but it is usually more convenient to separate it into its three 
components, Fi"', F 2 ", Fz", as shown in the figure. 

1709. Weight of Water Acting so as to Increase the Weight of the 
Dam. — If the face and back of the dam are vertical, there will be no such 
weight of water. However, in the general ease covering all conditions, 
illustrated in Fig. 1704A, and explained in paragraph 1706, the vertical 
components of the pressures, Fi and Fi”, are the weights of the prisms of 
water above the iaclined face and back of the dam. From geometry it is 
apparent that the action lines of these weights, passing through the cen- 
ters of gravity of the prisms, intersect the inclined face and back of the 
dam at the points where the total pressures are applied, f of the distance 
from the water surface. As the weight of these prisms of water acts in 
the same direction as the weight of the masonry, they add to the stability 
of the dam; if considered, the amormt of masonry may be reduced; 
if neglected, the error is on the side of safety. 

1710. Upward Water Pressure. — ^With fotmdations on rock, the 
amount of upward pressure is not easily determined. It is evident, 
however, that there is such pressure. Experiments by the Corps of 
Engineers on dams already constructed show that water percolates 
through joints between the concrete and the rock foundation, and travels 
in small veins in these joints. Test holes were driven from the tops of 
dams to the fovmdations, and the height to which water rose in these 
holes was measured. It was seen that, if the water is given free exit, 
the upward pressure under the foundation decreases between upper and 
lower pools; but, if the exits are closed, the pressme in the veins becomes 
that of the upper pool as soon as enough water has passed through the 
veins to fill the test holes. The amount of space of these small veins, 
that is, the area of upward water pressure, varies from nearly zero in 
excellent granite foimdations to 50 per cent or more in rotten shale. The 
final height of water in the test holes when free exit is provided below the 
dam varies roughly from that of the upper pool at the back to that of 
the lower pool at the face. If efficient drains are introduced, the upward 
water pressure below such drains is practically negligible in good rock. 
In this connection it is wdl to note that the drains must not be too small 
and must not be stopped. With rock foundations, the dams of the 
$60,000,000 canalization project on the Ohio River were designed in 
the general case in accordance with the following rule (Fig. 1710A) : 

Upward water pressure will be taken as varying at a constant ratio from upper pool 
at upstream edge to lower pool at drains; and as acting under 50 per cent of the base 
on &rm, solid rock, and under 100 per cent of the base on weak roc^ 
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While dams should always be founded on rock if possible, there are 
cases where the required site has no rock foundation within a practicable 
depth. This was often the case in the canalization of the Ohio River, 



which project required that the dams be placed within certain limits of 
length of river, regardless of the suitability of the foundations available. 
As a result, many dams were built on piles driven in sand or gravel founda- 
tions. In these cases a row of sheet piles was driven at the toe of the 
dam to prevent washing away of the foundation and to reduce upward 
water pressure. In the project for the canalization of the Ohio River, 
such dams were designed to resist an upward water pressure varying in a 
constant ratio from upper pool at the heel to lower pool at the toe, and 
no allowance was made for reduction of water pressure by the use of 
steel sheet piles at the heel. 

1711. Of the forces acting on a dam, it is possible for the designer to 
make accurate calculations for every one except the upward water pres- 
sure. Quite often, this is not considered at all; in most cases, it is esti- 
mated; and nearly all failures of dams due to poor design are found to 
be due to neglect of this upward water pressure. Fig. 1710A shows by 
dotted lines the maximum upward water pressure which can reasonably 
be expected. The percentage of this that is used in the design is a matter 
for the designer to decide: assumption of too little upward water pres- 
sure will result in the failure of the dam; assumption of too great upward 
water pressure will result in waste of money. The force in Fig. 
1704A represents the upward pressure. It should always be considered 
in design of dams. 

Safety Against Overtonung. 

1712. The dam shown in Fig. 1704A will not overturn if the forces 
acting to turn it clockwise around the toe, 0, are greater than those 
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acting to turn it counter-clockwise. Considering all the forces, each 
with its proper lever arm to 0, we have the equation: 

Moment to Resist Overturning = F^'U' -1- Fi''li"' -f F^'''h"' 

-t- Fi'''W" - F^'W -h Fi'V' - FH^'^ (1712A) 

If the second member of the equation is negative, the dam will overturn. 

1713. The resultant of all the forces pierces the base, or base extended, 
at some point. If we consider only the resultant, as R in Pig. 1713A, 
and resolve it into its two components whao it pierces the base, at C, 
we have, for Fig. 1713A, center of moments being at 0, 

Moment to Resist Overturning = (1713A) 



Comparing equations 1712A and 1713A, we see that the Moment to 
Resist Overturning equals the algebraic s um of all the vertical forces 
acting on the dam, multiplied by a lever arm equal to the distance from 
the toe to the point where the resultant pierces the base. If either the 
sum of the vertical forces or the lever arm is negative, the dam will over- 
turn. 

1714. Middle Third. — In the design of dams it is usual to require that 
OC be positive and at least one-third of OH; that is, that the action line 
of the resultant fall within the middle third. If this is not the case, there 
will be tension in the masonry near the heel, as explained in paragraph 
1108. As the adhesion of masonry joints, or the adhesion of concrete 
to rock is not great, it is usually assumed that there is none, that tension 
will at once cause cracks to develop in the joint near, the heel, and that 
at once upward water pressure in such cracks will become a distinct 
pressure equal in intensity to the maximum pressure due to the depth of 
water at the cracks. Such upward water, pressure tends to shift the 
center of pressure still farther from the middle third, to cause more cracks, 
and to overturn the dam. 
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As this change of upward pressure continues, continues to increase 
until the overturning moment becomes negative, and the dam overturns. 
Therefore, for safety, the resultant must pierce the base within the middle 
thurd. The point where the resultant pierces the base may be determined 
by taking that point as the center of moments, its distance from O as X, 
and writing the equation of moments: 

Ba X 0 + F^’{W - *) + Fi'\W' -x)+ etc. = 0 (1714A) 

The unknowns are Ri and x. But Rz is eliminated from the equation, 
as its lever arm is zero. Therefore, x can be determined. 

Experiments show that there is some adhesion of masonry to other 
masonry or to rock; but the strength of such adhesion is indefinite and 
unreliable; and it is proper practice to design the dam so that the center 
of pressure will fall within the middle third. 


Safety Against Sliding. 

1715. If the dam is constructed of horizontal layers of masonry, and 
depends only upon the friction between layers to prevent sliding, the 
friction at each joint must be greater than the resultant horizontal pres- 
sure upon the waU above the joint. 

To illustrate this, let there be assumed a dam with a vertical back, and 
let 

w' = weight of masonry per cubic foot = 144 pounds, for ordinary 
masoniy 

w = weight of water per cubic foot = 62.5 pounds 
h = height of wall above the joint. Let it be assumed that the water 
rises to the level of the top of the dam. Then h = depth of water 
above the joint. 

& = mean thickness of the wall 

fi = coefficient of friction of masonry on masonry = f 


Then, from the above condition for stability, we have 


w'bh X > 


wh? 

2 


Solving for b, we have: 


&> 


wh 
2 w'n 


> 0.33 h 


(1714A) 


If a dam is constructed on an earth foundation, the base must be 
enlarged, because the coefficient of friction between masonry and earth 
is less than f . 

Masonry dams rarely fail because of weakness in horizontal planes, 
but sometimes fail because of insufficient frictional resistance at the 
foundation. 
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1716. In ordinary concrete construction it is not deemed advisable to 
rely on the friction between the concrete and the rock or between different 
monoliths of the concrete. Therefore, it is customary at all joints to 
place a key of concrete in a groove made in the underlying material, as 
shown in Fig. 1716A. The dam cannot then fail by sliding, unless the 
resulting horizontal force is sufficient to shear this key in addition to 
overcoming the frictional resistance as described in paragraph 1715. 



Tfii. 1716 A 


In dams constructed on pile foundations in earth, the tops of the piles 
extend about 12"" into the concrete; the dam cannot then fail by sliding, 
imless the piles are sheared off and the friction of the masonry on earth 
is overcome. 

Safety Against Crushing. 

1717. In Chapter XI, it was shown that: 

а. If the center of pressure due to the applied forces, at any hori- 

zontal joint, is at the center of gravity, the pressure is uniformly 
distributed. 

б. If the center of pressure is at the extremity of the middle third, the 

pressure at the near edge will be twice the mean pressure, and at 
the far edge will be zero. 

c. If the center of pressure is on an edge, all of the joint will not be 
under pressure, and the pressure at the edge will be four times the 
mean pressure. 

From these principles, it is seen that it will be best to have the center of 
pressure at the center of the base. If it is at the extremity of the middle 
third, the maximum unit pressure will be twice the mean unit pressure. 
The usual design against overturning requires that the resultant pierce 
the base within the middle third, thus making the maximum xmit crush- 
ing pressure not greater than twice the mean unit crushing pressure. 
As dams are usually made of solid materials and well spread out, it is 
evident that the usual design for safety against overturning will almost 
invariably- be satisfactory against crushing. 

Where the foundation is on earth or piles, special consideration is 
given to the crushing value of the material; but with the resultant pierc- 
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ing the base within the middle third, the design is usually safe against 
failure by crushing. 


1718. Problem. — ^Design a masonry dam, 30' high, of trapezoidal cross-section, with 
vertical back, and water level with its top. Allow 6' width on top for walkway, ice 
action, etc. Assume upward water pressure on base as 4/10‘ of the hydrostatic pressure 
at the heel and diminiahing uniformly to zero at the toe. Allow no tension in the ma- 
sonry. Assume the masonry weighs 150 pounds per cubic foot, the safe supporting 
power of the foimdation bed is 4 tons per square foot, and the coefficient of friction of 
masonry on the material of the foundation bed is 0.65. 

Solution. — Consider a section of the dam 1' wide, and let thickness of the dam = x, 

a. Against overturning: 

In order that the dam may be stable against overturning and no masonry be in ten- 
sion, the center of pressure (resultant) must pierce the base within the middle third. 
Assuming that the resultant (and the reaction) pierces the base at the edge of the middle 
third nearest to the toe of the dam, and taking this point as the center of moments, 
we have for the equation of moments (same as 1714A) : 

Moment of reaction Moment of weight of rectangular section of dam -f Moment 
of weight of triangular section of dam — Moment of direct water pressure — 
Moment of upward water pressure = 0. 

Expressing this numerically for the dam in this problem, we have: 

B X 0 + (30) (6) (160) (» - I _ a) + pO 6) j (150) " 6) _ 

_ (62.5)(80)(30) p0\ _ (62.6) (30) (g) ^ 

2 \3/ 2 \33/ 

Solving, we obtain, x = 19' 

b. Against sliding: 

The tangent of the angle between the overturning forces and the stabilizing forces, 
with a width of dam of 19', is 


28.125 

49.125 


0.57 


which is less than the given coefficient of friction, 0.65. Therefore the width of 19' 
is safe against sliding. 

0. Agaiast crushing: 

As the center of pressure is at the extremity of the middle third, the pres- 

sure is twice the average pressure, or with the width of 19', equals 

2 [(30) (6) (160) + - .4 (62.6) = 6171 pounds 

which is less than the allowable load of 4 tons per square foot. Therefore the width of 
19' is safe against crushing. Even assuming that there is no upward water pressure, 
the calculated crushing load is well within the allowable limit. 


1719. Problem. — ^A masonry dam of rectangular cross-section is 30' high, 20' thick, 
and has water standing on the back 3' from the top. The specific gravity of the masonry 
is 2.3. Assume no upward water pressure. Find the center of pressure on the base. 
Solution. — 

Water pressure on back = - 62.5 X 27 X 27/2 = 22,800 pgimds. 

Weight of masonry = 62.6 X 2.3 X 30 X 20 = 86,300 pounds. 
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Letting x = distance of center of pressure from the toe, and taking the center of 
moments around the center of pressure, we have the following equation of moments: 
iZ X 0 + 86,300 (10 - *) - 22,800 X 9 = 0 
Solving, we obtain, x = 7.6' 

Typical Cross-Section. 

1720. In order that the action line of the weight shall intersect each 
horizontal section within its middle third when the reservoir is empty, 
the limiting forms of the profile must be a right-angled triangle with a 
vertical back, and a similar triangle with a vertical face, as in Figs. 1720A 



and C. In Fig. 1720A the action line of the weight alone passes through 
F; in Fig. 1720C, it passes through E. In the rectangiolar wall. Fig. 
17^20B, the action line of the weight passes through F, the middle point 
of RC. 



Let it be required to compare the amount of masonry in three walls 
of equal height, under the requir^ent that the resultant of the maxi- 
mum water pressure and the weight shall not intersect any horizontal 
section outside the middle third. 
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To detenmne the amount of masoniy, it is necessary to ascertain the 
relation between the base and height in each case, under the extreme 
condition of the resultant piercing the base at the extremity of the middle 
third. 

Let k = height of dam = depth of water 
h = width of base 

w' = weight of masonry per cubic foot = 144 pounds, assuming 
^ecific gravity as 2.3 

w = weight of water per cubic foot = 62.5 pounds 

The effect of the water pressure in Figs. 1720A and B is to cause the 
resultant to pierce the plane CB to the left of the point where it is inter- 
sected by the action line of the weight alone; the resultant may move 
from F, when the reservoir is empty, to E, when the reservoir is full. 
Equating the moments of the weight and the water pressure, we have: 


Fig. 1720A: 

w'hb b wh^ h 

2 ^ 3 ~ 2 ^3 


Thence, 

b = h\/% = 0.66 ^ 

\ w' 3 

(1720A) 

Fig. 1720B; 

x| 


Thence, 


(1720B) 


In Fig. 1720C, when the reservoir is full, we have, by equating the 
moments of the vertical and horizontal components of the water pressure 
about the point E (moment of weight of masonry being equal to 0) : 


Fig. 1720C; ~ 

_ 6 wh? mu u L 

X g = -^ X g . Thence, b = h 

(1720C) 

The areas will be: 



Fig. 1720A; 

Area - ^ 

“ 3 ^ 2 ~ 3 

(1720D) 

Fig. 1720B; 

Area = ^ X A = 

(r20E) 

Fig. 1720C; 

II 

X 

II 

(1720F) 

Therefore, the masonry required by the three sections to fulfill the con- 


ditions stated will have areas in the proportions 2:4:3. Consequently, 
Fig. 1720A requires less masonry and less expense for the same degree of 
safety. 
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1721. To illustrate the above conclusions by a concrete example, 
let the height of each of the dams be assumed as 60', and the widths of 
the bases be 40', 40', and 60' in accordance with the relative widths 
determined in paragraph 1720. The weight of the dams per linear inch 
will be: Fig. 1720A, 14,400 pounds; Fig. 1720B, 28,800 poimds; Fig. 
1720C, 21,600 pounds. When the reservoirs are empty, the mean pres- 
sures on the base per square inch will be: 30 pounds in Figs. 1720A 
and C, and 60 pounds in Fig. 1720B. The maximum pressure, due to 
the weight of the dam alone, will be 60 pounds, and will be the same in 
the three profiles. 

When the reservoirs are full, these pressures are changed. In Fig. 
1720A, the vertical component of the resultant pressure is the weight 
of the dam; it acts through E, the extremity of the middle third; the 
mean vertical pressure is therefore, as before, 30 poimds; the maximum 
pressure is at B and is 60 pounds; the minimum is at C and is zero. 
In Fig. 1720B, the vertical component of the resultant pressure is the 
weight of the dam; it acts through E, the extremity of the middle third; 
the mean pressure is therefore, as before, 60 pounds; the maximum is 
at B and is 120 pounds; the minimum is at C and is zero. In Fig. 
1720C, the vertical component is the weight of the wall and the vertical 
component of the water pressure, both of which act through E; the mean 
pressure is 30 H- 13 = 43 pounds; the maximum pressure is at B and 
is 86 pounds; the minimum pressure is at C and is zero. Hence Pig. 
1720A produces the least maximum pressure at the toe when the reser- 
voir is full, and is the most economical profile for safety against crushing. 

1722. Modification of the Typical Cross-Section. — ^Fig. 1720A has 
been shown in paragraiphs 1720 and 1721 to be the most economical 
profile against overturning and crushing. It is not less economical 
against sliding. Therefore, it is the basis of design for such structures. 
However, certain modifications become necessary in actual construction, 
as follows: 

а. The width is increased at the crest. The upper part of Fig. 1720A 
is designed to withstand static water pressure alone. Dams of large 
reservoirs are subject to wave action and ice pressTire, and overflow 
dams are subject to the pressure of the current and the shock of floating 
bodies. Moreover, for commimications it is desirable to have upon the 
top of aU except overflow dams a footway at least 3' wide, and upon 
the top of all long dams a driveway at least 10' wide. Therefore, the 
crest of dams is made from 3' to 20' thick, and the upper part of the 
profile is approximately rectangular (Fig. 1722A). 

б. The width is increased at the base. If a dam constructed as in 
Pig. 1720A were 120' instead of 60' high, then, since its weight increases 
with the square of the height and its base increases as the first power of 
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the height, the mean unit pressure at the base would be 60 pounds and 
the maximum imit pressure would be 120 poimds; if 180' high, the mean 
unit pressure would be 90 pounds and the maximum 180 pounds. It is 
not considered desirable in dams of moderate height to have the maxi- 
mum imit pressure exceed 100 poimds per square inch, or about 7 tons 
per square foot; nor in very high dams is it considered safe to have a 
maximum unit pressure exceeding 200 poimds per square inch or 14 tons 
per square foot. It is therefore best, in order to limit the maximum 
pressures to the intensities above given, to increase the width at the base 
of all high dams beyond that given in Fig. 1720A. 



Prom this increase at the top and base of high dams, there results the 
form shown in Pg. 1722A, which is the profile of the Croton Dam. In 
dete rminin g the resultant pressure upon such a dam the vertical com- 
ponent of the water pressure is usually omitted; this is an error on the 
side of safety, because this component would tend to move the center of 
pressure towards the center of gravity when the reservoir is full. 

1723. Curve of Pressure. — ^The curve of pressure is the curve which 
connects the centers of pressure of the horizontal joints. To find the 
curve of pressure of a dam, find the center of pressure at each of a number 
of horizontal sections, and join these points by a line. When the reser- 
voir is empty, the center of pressure at each horizontal joint is the point 
obtained by dropping a perpendicular through the center of gravity of 
the section of the wall above it. When the reservoir is full, the center of 
pressure at each horizontal joint is the point where the resultant of the 
weight and the water pressure above the joint pierces that joint. 
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Types of Dams. 

1724. Masonry Gravity Dams. — This is the t 3 T)e of dam most com- 
monly used. The cross-section is similar to that shown in Fig. 1722A. 
The weight of the masonry in the dam, plus the weight of the water, are 
the forces to counteract the horizontal and upward pressure of the water. 

Until recent years, stone and even brick were used in these dams: but 
monolithic concrete is now used in nearly every case, stone being prin- 
cipally used for ornamentation. In the Ohio River Canalization Pro- 
ject, involving the construction of 52 dams at a cost of about $60,000,000, 
every dam is of concrete. 

1725. Arch Dams. — This type of dam is placed in a narrow gorge, 
and is so constructed that the pressure of the water acts to tighten the 
dam which transmits this pressure by arch construction to the sides of 
the gorge. The weight of the dam section is also a very important part 
of the design. Arch dams are advisable only in very high dams across 
very narrow gorges. 

1726. Reinforced Concrete Dams. — ^Fig. 1726A shows the principle 
of construction. The dam consists of a reinforced concrete slab forming 
a sloping back, and supported at intervals by buttresses, which may take 




Fig. 17S6 A Reinforced Concrete Dams 

the form of solid walls, or rows of columns. The buttresses are tied 
together laterally. In case the dam is an overflow dam, the face of the 
dam is also a reinforced concrete slab supported by the buttresses, and 
connected by a curved surface to the back so as to form a smooth path- 
way for the water. The face and back are designed as are reinforced 
concrete floors, and the buttresses as walls and columns. The face and 
back are frequently tied together at the bottom by a floor to give greater 
stability. The dams may be hollow, or may be fflled with earth to add 
weight, but in either case upward water pressure does not act as a force 
tending to ovCTtum the dam or to reduce the friction on the base; the 
water escapes through the hollow part of the dams, or in channels left 
in the filling, thus causing no upward pressure. 
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1727. Rock'Fill Dams. — These are easily constructed, being simply 
a fi ll in g of rock in such shape as to form a dam, this filling being protected 
against leakage by a concrete or timber sheeting on the upstream side. 
It is not satisfactory, as pressure on the sheeting tends to move the rock- 
fill and break up the face. Upward water pressure is neglected, as the 
water leaks through the rock-fill. If the water level need be raised only 
a few feet, and there is a great volume of water, the sheeting may be 
omitted and the leakage allowed. 

1728. Timber Dams.— A crib type of timber dam is shown in Fig. 
1728A. It is similar to the rock-fill dam in that leakage is prevented by 
sheeting on the upstream side, and upward water pressure through the 



Fig. 17i8 ^ Timber Crib Dam, anchored to rock 


crib is allowed and expected. The sheeting is made of plank. A slight 
displacement of this sheeting is less disastrous than it would be in a 
rock-fill dam. The sheeting is sometimes omitted, when only a slight 
rise of water is needed and there is great volume of water. 

1729. Earth Dam. — ^This ts^je of dam is quite common, being easy to 
construct. The slopes are three or more horizontal to one vertical, so 
tlmt it is very wide as compared to its height. However, there are many 
high earth dams. An earth dam will quickly wash av^y if the water 
runs over the top of the dam. Likewise, holes through the dam quickly 
enlarge and cause failure. 

To make the dam more nearly water-tight and to prevent continuous 
holes through it, the center is often made of hydraulic fill. At Panama, 
the Gatun Dam consists of an hydraulic fill with a surfacing of rock. 

In some earth dams, the center is a core made of concrete. 

1730. Movable Dams. — ^These have the usual foundation of masonry 
gravity dams: but the upper portion is replaced by a movable structure. 
The usu^ movable portion of the dam consists of wooden wickets, 
each 4' wide, so design^ that they can be lowered flat on the top of the 
foundation or can be raised to form part of the retaining part of the 


Dams and Retaining Wauls. 


549 


Figure 1730A shows a eross-section of a movable dam. It is evident 
that the design of the concrete foundation must be such that it will alone 



render the dam safe against the pressure of the water with the wickets 
up. This is necessary because the wickets themselves have practically 
no weight and do not at all assist in the safety of the dam. 

RETAINING WALLS. 

1731. Retaining walls differ from dams as follows: 

а. There is no consideration of upward pressure under the wall. 

б. The face of the wall is usually vertical : thi3s there is no weight 

of material on the face of the wall. 

c. The earth is often higher than the top of the wall, increasing 

gradually from zero at the wall. This additional earth is 

called the surcharge. 

d. The pressure and point of application of center of pressure of 

the earth are not definitely determined. 

Pressure of Earth. 

1732. The last of the above differences is the most important one. 
The pressure of earth against the back of the wall differs from that of 
water in that particles of earth cohere to each other with considerable 
tenacity, especially when in a moist condition and free movement of the 
mass is restricted by friction. Hence there is no exact method of de- 
termining the pressure of earth, as it varies from the tenacity of compact 
clay, which when dry will stand at any angle, to that of dry sand, which is 
practically without cohesion: it even varies in the same material with 
the degree of moisture and compactness. 
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1733. Various formulas for pressure of earth on retaining walls have 
been deduced or obtained by experiment. None of them is exact. 
All are based upon certain hypotheses, of which the three below are 
generally accepted: 

a. The cohesion of the material is practically zero: and the earth 
consists of sandlike grains which are free to move, subject to the force 
of friction. It is evident such an hypothesis is on the side of safety. 

If earth without cohesion is poured out of a vessel on a smooth 
surface, it will form a cone. The inclination of the surface to the hori- 
zontal is called the natural slope of the material; the angle of inclination 
is called the angle of repose. Since a particle is held in equilibrium on the 
surface by a force of friction developed by its normal component, equal 
to and counterbalancing the component of its weight parallel to the 
surface, the angle of repose is also called the angle of friction, and the 
tangent of the angle of repose is the coefficient of friction of the material. 
The angle of repose of wet earth is about 30°, of very dry earth 38°, 
of moist earth 45°. In formulas it is usually assumed to be about 
34°, its natural tangent being f . 

In Fig. 1733A, ABCD is a section of a straight retaining wall; DF 
is the natural slope of the earth. The angle <j> is the angle of repose. 


w. 



h. If the wall is suddenly removed, a portion of the earth will fall at 
once; the remainder will assume its natural slope gradually. The 
pressure upon the back of the wall is due to the volume which will at 
once fall : the plane along which this volume separates from the remainder 
of the earth is called the plane of rupture, DE (Fig. 1733A). The angle 
BDE is called the angle of rupture. 

c. The pressure due to the volxune BDE is distributed over the 
back of the wall BD, in the same manner as water pressure; the unit 
pressure at any point varies with its vertical distance from B, and 
the center of pressure on a rectangular area whose height is BD is | 
BD from , B. 
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1734. Coulomb’s Formula. — Coulomb accepted the three hypotheses 
a, h, and c, above, and assumed also that 
d. There is no friction on the surface BD; hence action line of the 
resultant pressure on the back of the wall is normal to the surface. 

To deduce Coulomb's formula for the pressure against the surface BD, 
assume the retaining wall as shown in Fig. 1734A. Accepting the four 
hypotheses, taking the prism BDE as a ^Tree body," and remembering 
that the forces must have signs in accordance with their action lines, 
we have the equation of equilibrium: 

Weight of the Prism + Reaction of surface BD + Reaction of sur- 
face DE = 0 (1734A) 


W 



In the force polygon HIJ, we have 

а. The weight (W) of the prism per unit of length = | wh^ tan a: 
its action line is vertical and through its center of gravity. 

б. The reaction of surface DB(R') is horizontal and may be taken 
as one force B' at a point ^ BD from B: its intensity is unknown. 

c. The reaction of surface DE(R^^) is unknown. However, we know 
that it is the resultant of the frictional resistance of DE(R'") and the 
resultant normal pressure (B"). We do not know the intensities of 
B" and B'" but we do know that they always retain a certain relation- 
ship, namely: frictional resistance of DE{R'^') = resultant normal 
pressure (B") X coefficient of friction. Hence, B"' = B'' tan 

Therefore, in the force polygon HKJ, we have the direction of B^^ de- 
termined by drawing the line (B^^) making an angle <i> with the normal (B'O : 

We now know the intensity and action line of Wi the direction 
of action lines of B' and RP^. With them we construct the force 
polygon. TFB'B^v (HU, Fig. 1734A). Also, with B^''^ determined 
(HJ) and knowing the direction^ofB'' and,B"^ we. d^-a.w B." 
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to DE and R"' parallel to DE thus determining the intensities of R" 
and R'". 

R' = W tan I HJ = iwh^ taxi a tan IHJ (1734C) 

= 4 wh^ tan a tan a' (1734D) 

As shown in calculus, this expression has its maximum value when a = 
a'. Hence the maximum value of 

R' — Pressure on retaining wall = § w¥ tan^ a (1734E) 
Since « = «' = § (90° — <!>), and 90° = | , this may be also written 

P tan * - I) (1734F) 

which is the form in which it was first deduced by Coulomb. . 


1735. Rankine’s Formula. — ^RanMne accepted the first three hy- 
potheses above, and assumed also that the pressure on the back of the 
wall is distributed as in water pressure and that the earth is in layers 
parallel to its upper surface. The latter assumption makes the resultant 
pressure parallel to that surface. 

He deduced the following formula: 


wh? -COS ff — Vcos* p — cos* 

cos P p- - 

^ cos |8 + v cos* p — cos* <f> 


(1735A) 


in which <fi is the angle of repose and p is the angle which the surface of 
the surcharge makes with the horizontal and lies between zero and <p. 
If the surface of the ground is horizontal, 

which is equivalent to Coulomb’s formula. 


Design of Retaining Wall. 

1736. Having determined the earth pressurp upon a retaining wall, 
the form of cross-section is designed upon the same principles as that of 
a dam. The horizontal width of the profile at every point should be 
sufficient to prevent the wall from shearing off in any horizontal plane or 
sliding on its foundation. The resultant of the weight and the earth 
pressure should pierce each horizontal section far enough within the 
outer edge to make the wall safe against overturning. The curve of 
pressure should always be within the middle third of the wall but this 
condition is not so vitally necessary as in dams. The Tnaxirnmn unit 
pressure at the toe and heel should not exceed the bearing value of founda- 
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tion, nor should the maximum unit pressure on any joint exceed the 
allowable compressive stress of masonry. As a retaining wall is usually 
constructed to support an embankment of considerable height, it is 
necessary in designing the profile to consider only the pressure of the 
earth when the embankment is in its final condition. Comparing the 
different profiles of retaining walls, made of materials of equal weights, 
the most stable wall to resist overturning is one in which the center of 
gravity is at the greatest distance from the toe. 

1737. Empirical Formulas. — Although the theoretical formulas will 
give safe values for the thickness of retaining walls, their forms are very 
complex for surcharged walls and walls with inclined backs. For these 
reasons, and because they are based on h 3 rpotheses only approximately 
true, empirical formulas have largely replaced them. Merriman uses 
the following for walls with trapezoidal cross-section, vertical face: 

For ordinary walls retaining level banks, h = 0.45 h; 

For railway walls, 6 = 0.66 k; 

For surcharged walls, b = 0.70 h; 

in which 

6 = breadth of wall 
h = height of wall. 

A width of the top of the wall must be assumed, usually about 2'. 

1738. The Corps of Engineers uses the following as a standard: 

The thickness of a retaining wall at any level should be at least § the remaining height, 
and the average thickness not less than I the total height. 

In retaining walls, as in dams, the profile is modified when necessary, 
so as to make the base of such width that the resultant unit pressure is 
not greater than the pressure allowable for the material pressed. 

1739. Drainage. — If the earth in rear of a retaining wall becomes 
saturated with water, it will greatly increase the pressure upon the back 
of the wall. To avoid such increased pressure a vertical layer of broken 
stone is placed against the back of the wall, and drainage-tubes, or weep- 
ers, to allow the escape of the water, are run through or under the wall. 
These drainage tubes must be regularly inspected to see that they are 
not stopped up. Stoppage of these tubes has often resulted in the failure 
of retaining walls. There are no definite data available as to increase of 
pressure because of stoppages of drains; but the designer often arbitrarily 
decreases the angle of repose so that there will be allowance for care- 
lessn^ in allowing stoppage of drains. 
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1740. Counterforts and Buttresses. — A counterfort is a projection 
upon the back of the wall designed to strengthen the wall to resist the 
pressure of the earth; a buttress is a similar projection upon the face of 
the wall. 

Counterforts of simple masoniy are of doubtful efficiency in strength- 
ening a wall either against shearing or overturning because of their lia- 
bility to separate from the wall itself; reinforced concrete connections 
to the wall remove this objection. A better wall is usually secured by 
placing aU the masoniy in the wall itself. Coimterforts are sometimes 
employed in long walls to divide them into panels, and have been largely 
employed in the masonry walls of fortifications to limit the field of de- 
struction of an exploding shell or mine and to form the side walls of 
casemates. 

Buttresses are more efficient than counterforts in strengthening a wall 
against rupture by shearing or overturning. They are not often em- 
ployed for this purpose except for architectural effect, as it is usually 
desirable to have the face of the wall a plane surface. 

1741. Reinforced Concrete Retaining Walls. — ^Pigs. 1741A and 1741B 
show cross-sections of this type of wall. The walls consist of the wall 



1741 A 'Reinforced-concrete 
Retainiag-vall, 5 ft High 


proper, and the footing. The wall proper aots as a cantilever beam, the 
steel taking tensile stress. The footing takes the downward pressure of 
the fill and the upward pressure of the foundation bed; the steel in this 
case alsa takes tension and! allows the arms of the footing to act as can- 
tilevers.. Counterforts .ctCreinf orced. cooccete can be effectively used. with . 
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reinforced concrete retaining* walls. On account of the beam action of 
the wall, and the footing, reinforced concrete walls are usually much 
lighter in weight than masonry walls. 



Pig. 17 Ai s Reiaforced-concrete Retaining-wall, lo 
ft High 


1T42. Problem.— Determine the total pressure per foot of length on the back of a 
retaining wall 24' high, having a surcharge of 30 degrees. The back is vertical; the 
face has a slope of 10 vertical to 1 horizontal. Assume angle of repose 35®, weight of 
earth 100 pounds per cubic foot. Use Rankine's formula. 

Solution.— p = cos - cos^^ 

2 cos -f V cos^^ |8 - cos’^ <t> 
cos 0 = 0.819 
cos /S =* 0.866 
V Ws2 /? — cos2 0 = 0.281 
h = 24', in a vertical plane through heel of wall., 

Substituting these values in the formula, we find 
P = 12,720 pounds pressure on vertical plane through heel of waH. 
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1743. Problem. — By empirical formula for surcharged rectangular retaining wall, 
find thickness of a wall 10' high, 3' surcharge, = 34°, masonry weight 150 pounds per 
cu. ft., earth weight 100 pounds per cu. ft. The coefficient of friction is 0.63. The 
foundation supports 6000 pounds per sq. ft. 

Solution.— b = 0.70 ^ - 7'. 

This problem shows the inaccuracy of empirical formulas. The answer will be the 
same regardless of the height of surcharge, angle of repose, weight of masonry, weight 
of earth, coefficient of friction, and character of foundation. See Problem P. 1736. 

For more detailed information, see: 

Theory of Structures, Spofford 
Concrete Engineers Handbook, Hool and Johnson 
Waterworks Handbook, Flynn, Weston, Bogert 
Cyclopedia of Civil Engineering 
Civil Engineering, Fieheger 

American Civil Engineer’s Pocketbook, Merriman. 

Architects' and Builders’ Pocket Book, Kidder. 


PROBLEMS. 

P. 1701. A masonry dam, with a vertical back, retains water to the depth of 30'. 
Find the total water pressure on one linear foot of the back of the dam and the distance 
of the point of application of the resultant water pressure from the heel of the dam. 

P. 1702. A masonry dam of rectangular cross-section, 10' high and 10' thick, sup- 
ports water level with its top. The masonry of the dam weighs 160 pounds per cubic 
foot. 

(a) Determine analytically the center of pressure on the base. 

(b) Assume that the bond between the base of the dam and its foundation is so de- 
fective that the water has access to the entire surface of the base with the full effect of 
its head. Determine analytically the center of pressure on the base. 

P. 1703. A masonry dam, of rectangular cross-section, is 60' high and 20' thick. 
Asstune that the masonry weighs 140 pounds per cu. ft. and that the coefficient of 
friction of the dam on the foundation is |. 

(a) How high may the water rise on one side with a factor of safety of 4 against 
sliding on its foundation? 

(&) How high may the water rise on one side imder the condition that every hori- 
zontal section must be entirely under compression? 

(c) Under the conditions of (a) and (6), how high may the water rise on one side? 

(d) With the water at the height of 30', what is the maximum unit pressure on the 
fpimdation? 

P, 1704. A masonry dam, of rectangular cross-section, 100' high and 70' wide, re- 
tains water on one side level with the crest. Find the maximum pressure per sq. ft. 
on the base. Weight of masonry — 160 pounds per cu. ft. 

P. 1705. A masonry dam, of rectangular cross-section, is 50' high and 30' wide and 
the water is level with the crest on the back of the dam. Find the factor of safety 
against sliding when the coefficient of friction against sliding is f . Weight of masonry 
= 160 pounds per cu. ft. 

P. 1706. A masonry dam, of rectangular cross-section, is 30' high. It supports 
water at a level of 2' below its top. How thick should it be if the maximum pressure is 
not to exceed twice the mean pressure? Weight of masonry = 140 pounds per cu. ft. 
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P. 1707. In problem P. 1706, if the base is 18' wide how high will the water stand 
when the maximum pressure on the base is 50 pounds per sq. in.? 

P. 1708. In problem P. 1706, what should be the width of the base in order that the 
maximum pressure per sq. in. on the base shall be 50 pounds? 

P. 1709. A dam, of trapezoidal cross-section, is 120' high, 12' thick at the top and 
has a vertical back. Water stands level with the top of the dam. What must be the 
thickness at the base if the resultant pressure pierces it at the extremity of the middle 
third? Weight of masonry = 160 pounds per cu. ft. 

P. 1710. A dam, of trapezoidal cross-section, is 100' high, 10' wide at the top and 
has a vertical back. If the maximum height of the water is 96', what must be the mini- 
mum width of the base in order that the center of pressure may not fall outside the middle 
third? Weight of masonry = 160 pounds per cu. ft. 

P. 1711. A masonry dam, of trapezoidal cross-section, is 100' high and has a vertical 
back. The width on top is 8' and the water is level with the crest on the back of the 
dam. What should be the width of the base of the dam to satisfy the condition that 
the center of pressure shall be within the middle third? Weight of masonry = 160 
pounds per cu, ft. 

P. 1712. A masonry dam, of trapezoidal cross-section, is 100' high, 8' wide on top, 
70' wide on base and has a vertical back. The water stands level with the crest on the 
back and is zero depth on the face. ’ The masonry weighs 160 pounds per cu. ft. The 
coefficient of friction on the base is f . 

(a) Find the factor of safety against sliding on the base. 

(b) Find the maximum and minimum pressures per sq. ft. on the base. 

P. 1713, A masonry dam has its back inclined 10 vertical on 1 horizontal; the 
water is 100' deep behind the dam. Find the total normal pressure on a linear foot of 
the back of the dam and the point of ^application of the resultant water pressure. 

P. 1714. A masonry dam, of trapezoidal cross-section, is 60' high with an inclined 
back and vertical face. The width on top is 12'. The maximum height of water on 
the back is 50' and on the face is zero. 

(a) Find the- minimum width of the base in order that the center of pressure shall be 
in the middle third, 

(b) Find the factor of safety against sliding on the base, the coefficient of friction 
being |. 

(c) Find the maximum and minimum pressures per square foot on the base. Weight 
of masonry = 150 pounds per cu. ft. 

P. 1715. A wall 30' high is of triangular section ABC, the face AB being vertical, 
and water being retained on the side AC level with the top of the wall. The masonry 
weighs 125 pounds per cu. ft. Find the thickness of the base BC, under the condition 
that the center of pressure may safely be as far as the width of the base from the middle 
point. 

P. 1716. A masonry dam, of rectangular cross-section, is 65' high and 40' thick. The 
surface of the water on its back is 5' from the top of the dam, and the surface of the water 
on its face is 35' from the top of the dam. How far from the toe of the dam does the 
resultant pressure pierce the base? Weight of masonry = 144 pounds per cu. ft. 

P. 1717. A masonry dam, of rectangular cross-section, is 100' high. The water on 
the back is 90' deep and on the face the depth varies between 6' and 15'. (a) What 

must be the thickness of the base if the resultant pressure pierces it at the extremity of 
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tke middle third? The weight of masonry = 2.3 times the weight of water. (6) What 
must be the thickness of the base, if upward water pressure varying from full head on 
the back to full head on the face is considered? 

P. 1718. A masonry dam, of rectangular cross-section, is 80' high. The water on 
the back is level with the crest and on the face varies between the depths of 4' and 10'. 
The factor of safety against sliding on the base must be at least 2 and the resultant 
pressure must pass through the middle third of the base. Find the thickness of the 
dam. Weight of masonry = 160 pounds per cu. ft.; coefficient of friction = f . 

P. 1719. A masonry wall, of rectangular cross-section, stistains on one side a water 
level 60' above its foundation and on the other side a level varying between 8' and 20' 
above its foundation. Its height is 66'. What breadth should be given it in order to 
insure that the maximum pressure should never exceed double the mean pressme? 
Water weighs 62.5 pounds and masonry 140 pounds per cubic ft. 

P. 1720. The head of the water on the down-stream side of a set of lock gates at 
Gatun is 42' 6". On the up-stream side the head is 42' 9". How much additional 
resistance to opening would this difference of level produce on one leaf of the set? The 
gate is 65' long. 

P. 1721. Test the following dam for safety: A concrete dam, 140 pounds per cu. ft., 
resting on solid rock; height 30', width 20', rectangular cross-section. Upper pool 
stands level with top of dam, lower pool stands 20' below top of dam; upward pressure 
according to Ohio River Board rules. 

P. 1722. A concrete wall 30' high is built so that its vertical back is 3' from a natural 
rock wall. Test this concrete wall for overturning in case water should collect between 
the concrete wall and the natural rock wall to the full height of the wall, assuming the 
wall to be 10' thick and weighs 140 pounds per cu. ft. 

P. 1723. In the dam described in P. 1722, assume the full upward water pressure 
according to the Ohio River Board rules, and test for sliding. 

P. 1724. A conduit 6' wide and 20' deep on the inside, is separated from a stream by 
a masonry wall; water level outside the conduit is 2' from top of wall; full upward 
pressure under wall. 

Assume masonry to weigh 150 pounds per cu. ft. Find thickness of wall. (Conduit 
to be tested full and empty.) 

P. 1725. In the conduit described in P. 1724, the wall on the side away from the 
stream must support an earth bank level with the top of the wall, the earth having an 
angle of repose of 30°. Omit consideration of ground water and upward water pressure. 
Find proper thickness of wall. (Conduit to be tested full and empty.) 

P. 1726. Determine, by Coulomb's formula, the thickness of a rectangular retaining 
wall 20' high, to safely resist the pressure of an embankment of equal height. Specific 
gravity of earth, 1.5; of masonry, 2.3. Angle of repose of earth, 34°. Make the mo- 
ment of the weight of the wall twice that of the earth pressure. 

P. 1727. Solve problem P. 1726 by Rankine's formula. 

P. 1728. A masonry retaining wall, with vertical face, is of trapezoidal cross-sec- 
tion and 16' high. The earth is level with the top of the wall. Find the width of the 
base of the wall and the width on top, assuming the featfer pf thp fapp tp be 5 vertical 
to 1 horizontal. 
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P. 1729. A first-class masonry retaining wall, of rectangular cross-section, is 20' 
high and the earth is level with the top. Find the thickness of the base applying 
Coulomb’s formula. Weight of masonry = 150 pounds per cu. ft.; of earth, 100 
pounds per cu. ft. Angle of repose = 34®. Center of pressure on base to be within 
middle third. 

P. 1730. Solve problem P. 1729 by Rankine’s formula, assuming a surcharge with 
an angle of repose of 34°. 

P. 1731. A masonry retaining wall, of rectangular cross-section, is 20' high and 
retains earth level with its top. Under the hypothesis that the center of pressure shall 
fall within the middle third of the base, find the necessary thickness of the retaining 
wall by the use of Rankine’s formula. Weight of masonry = 150 pounds per cu. ft.; 
of earth, 100 pounds per cu. ft. Angle of repose of earth = 34®. 

P. 1732. Solve problem P. 1731 with a surcharge 4' high at a distance of 7' back of 
the top of the wall, sloping to the top of the wall. 

P. 1733. Find the pressure on a surcharged wall, angle of surcharge 28°, angle of 
repose of earth 33°, weight of earth 90 pounds per cu. ft., height of wall 20', weight of 
masonry 140 potmds per cu. ft. 

P. 1734. Solve problem P. 1731, under the assumption that the drains are stopped 
and water has risen to the top of the wall, thus making the earth pressure correspond 
to that of a fluid. 

P. 1735. Solve the problem in paragraph 1743, using the formula in paragraph 1738. 

P. 1736. Solve problem in paragraph 1743, using Rankine’s formula. 



CHAPTER XVIII. 

WATER SUPPLY. 

1801. A complete system of waterworks, designed to supply a town 
or city with water for domestic use, fire protection, and manufactur- 
ing purposes, consists of a collecting, a purifying, and a distributing 
system. 

The collecting system comprises the intakes where the water is taken 
from the source of supply, the receiving reservoirs in which it is stored, 
the conduit through which it flows, and the pumping machinery which 
may be necessary to raise it from one level to another until it reaches the 
pmifying system. 

The purifying system comprises the settling basins in which it is clari- 
fied, and the filters in which it is rendered pure and fit to use. In some 
instances, where unusually clear water is available, there is no separate 
purif 3 Hing system, the water being purified by the introduction of liquid 
chlorine into the distributing reservoir or watermains. 

The distributing system comprises the distributing reservoirs in which 
the filtered water is received and the network of pipes by means of 
which it is conveyed to the points of consumption. 

As will be shown later, not all these elements are found in every 
system of water supply. 

1802. A simple gravity system of water supply is one in which the 
intake is the highest point in the S 3 ^tem, and no other force than that of 
gravity is required to move the water to and through the distributing 
system. The elevation of the intake should preferably be such as to 
produce a pressure in all mains of the distributing system^^ about 50 
pounds per square inch. This pressure will give about 26ipounds per 
square inch in an ordinary building of six stories and is not so great as to 
cause excessive leakage in the fixtures. In small towns, higher pressures 
are sometimes used to give fire protection without the aid of fire-engines; 
in such cases the pressure should be about 100 pounds per square inch in 
the mains. 

Pumping machinery is introduced whenever the intake is not high 
enough to produce the required pressure in the pipes, or when it is neces- 
sary to raise the water over elevations where siphoning is not possible 
or economical. The pumps may be located at the intake, or at a reser- 
voir supplied by gravity from the intake. A p ump ing system of water 
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supply is direct when the pumps act direct into the distributing system, 
and indirect when they pump into reservoirs from which the water is 
distributed by gravity. 

The gravity system is the most economical to operate and the least 
likely to be interrupted by accidents. The direct pumping system is the 
most expensive to operate and the most likely to be interrupted by 
breakages. The indirect pumping system is more economical than the 
direct, especially for small plants, since the reservoir may be filled by 
day and the pumps stopped at night; it is also less likely to be interrupted, 
since the distributing S3^tem can draw on the reservoir whenever the 
pumps need repair. 

1803. Quality of Water. — ^The requisite qualities of water to be used 
as a public supply can be stated as follows: 

a. It should be free of disease-producing organisms and irritating or 

poisonous substances. 

b. It should be clear, colorless, odorless and tasteless. 

c. It should not be too hard for domestic or industrial use. 

d. It should be free from iron and corrosive substances. 

e. It should have a low and equable temperature. 

These requisites differ in their relative importance; and since it is 
difiicult to find all in any one source of supply, treatment of the water is 
generally necessary. First, and before anything else, a water supply 
must be safe from a sanitary standpoint. It must not, as a source of 
disease germs, be a menace to the health of the consumers. 

Collecting System. 

1804. Source of Supply. — ^The original source of water supply is the 
rain. Rainfall either flows as surface water until it reaches the sea, or 
sinks into the soil to form subterranean streams or reservoirs of ground 
water, which usually have their outlets in surface waters at a lower level. 
Much of the surface water is lost on its way to the sea by evaporation, 
or by sinking into the soil and becoming groimd water. Some of the 
ground water is absorbed by vegetation. 

The immediate sources of supply are the ground water of springs and 
wells, or the ground and surface waters mixed, of rivers, lakes, streams, 
and ponds. 

Springs are the natural outlets of an inclined porous satmated stratum 
of soil which rests on or between impervious steta. Springs are found 
on hillsides where a porous stratum is exposed, and at points where the 
upper impervious layer is broken by a geological fault and the head is 
sufficient to force the water to the smface. 
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Where the ground water does not reach the srirface naturally, wells 
naay be sunk. A shallow well is a hole made in a porous surface layer to 
collect the water for removal by pumps or buckets. It is usually either 
a large masonry shaft or a small metal tube sunk below the surface of 
the ground water. To allow the water to enter freely, the bottom of the 
masonry shaft is open; the metal tube, which is 2" to 12" in diameter, 
terminates in a perforated section or strainer which allows the water to 
collect in the tube. The tube is usually sunk by fitting its base with a 
conical cap and then driving it like an ordinary pile; the well is therefore 
called a driven well. 

Where the water bearing stratum is beneath an impervious layer, 
and at a considerable distance below the surface of the ground, the 
well must be driven through the imi)ervious layer, and into the water 
bearing layer. When the head of water in the water bearing stratum is 
sufficient to force the water through the well to and above the surface 
of the ground, the well is called an artesian or flowing well; when the 
head is not sufficient, and pumps must be installed to bring the water to 
the surface, the well is called simply a deep well. 

An infiltration gallery is a long underground chamber supported by 
timber or masoniy, constructed across the line of flow of a water bearing 
stratum, or beneath a stream bed, in order to intercept a large amount 
of water. 

1805. Amount of Water Bequired. — ^This quantity shoiild be very 
carefully estimated as the first step in designing any water supply system. 
It is based on two primary considerations: the average daily per capita 
consumption of water, and the probable future population to be supplied. 
The great expense and time involved in water supply projects make it 
most economical to build for the future. Estimates of this kind can be 
based only on a study of other cities similarly situated, both as to growth 
over a period of years, say 30, and the kind of inhabitants, and also on 
waterworks data kept by these cities. 

Where wastage of water is prevented as much as practicable, as in 
England, the daily per capita consumption varies from about 20 to 60 
gallons, the average for English cities being 33. Where meters have 
been introduced, but no other restrictions enforced, as in most cities of 
the United States, 40 to 120 gallons per capita per day may be expected, 
the American average in such cases being 75. Where no control what- 
ever is exercised, the entire capacity of the plant is used, no matter what 
the population, and the daily per capita consumption may exceed 300 
gallons. For average American cities, with metered supply, 100 gallons 
per capita per day should be sufficient. 

If 100 gallons per day per capita is taken as a basis it may be divided 
into its various uses as follows: 
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1. About 40 gallons will be used in households. 

2. About 30 gallons will be used in manufacturing and commercial 
establishments. 

3. About 10 gallons will be used by the mimicipality in public build- 
ings, street sprinklings, etc. 

This leaves about 20 gallons which must be accounted for as loss or 
waste due to leakage in mains and fixtures. 

The daily, weekly, and monthly consumption of water varies consid- 
erably. In warm weather much water is consumed in watering gardens 
and lawns; in cold weather much is allowed to run to waste to prevent 
the freezing of the pipes in the buildings. The maximum monthly con- 
sumption may exceed the mean monthly consumption for the year by 
33 per cent; the maximiim weekly consumption may exceed the mean 
weekly consumption for the year by 50 per cent; the maximmn daily 
consumption may exceed the mean daily consumption for the year by 
100 per cent. The hourly consumption is also variable; the consump- 
tion for a single hour is sometimes 40 per cent more than the average 
hourly consumption for the day. The variations from the mean con- 
sumption are very much greater in small systems than in large ones; 
and larger in unmetered systems than in metered ones. The volume 
required by a steam fire engine during a conflagration depends upon 
the character of the engine; it usually varies between 400 and 1200 
gallons per minute; the amoimt thus drawn may be a very heavy tax 
on a small system. The amount to be provided for fire service may be 
expressed: 


Q = 


1000 

Vp 


(1805A) 


in which, Q = gallons per capita per day 
P = population in thousands. 

1806. Fl^ of Streams. — ^Because of the irregularity of the rainfall, 
the discharge or run-oif of any drainage basin or catchment area is a 
variable and not a constant quantity. To prevent water famine in 
periods of extreme drought, the system of supply must be based on the 
minimum discharge of the stream which drains the basin. 

The most reliable method of determining the minimum discharge is 
to measure the daily discharge for a long series of years. The approxi- 
mate methods which are ordinarily resorted to are either to estimate the 
discharge from the measured discharge of another basin subject to similar 
climatic conditions, or to estimate the discharge from the rainfall, em- 
ploying the ratio of discharge to rainfall determined in some basin having 
similar climatic conditions. 

The Sudbury Watershed near Boston has been carefully observed since 
1875, and the data so obtained are generally used as a basis for esti- 
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mating water supplies from watersheds east of the Mississippi River. 
This watershed has an area of about 75 square miles, of which per 
cent is water surface; the terrain is generally hilly. The evaporation 
per unit area on the lakes, ponds and streams is about equal to the 
rainfall per unit of area on the whole surface. The records show that — 

а. The run-off from the basin is about one-half the measured rainfall; 

or approximately 1,000,000 gallons per day from each square mile 

of the basin. 

б. In a year of extreme drought the rainfall is two-thirds of its mean, 

and the discharge or run-off one-half of its mean. 

c. For several years in succession the rainfall and run-off may be less 

than the mean. 

d. The mean monthly rainfall is fairly uniform in this basin, being a 

TTiinimum of 2.98" in June, and a maximum of 4.57" in March. 

The mean annual rainfall is 45.83". 

e. The average monthly run-off, on the contrary, is variable. It is 

equivalent to a depth of 5.17" over the basin in March, and only 

0.35" in July. The run-off during February, March and April is 

50 per cent of the total annual run-off, and that from November 

1st to May 31st is 85 per cent of the annual run-off. 

f. The minimum rainfall and the minimum nm-off in a month may 

be only 10 per cent of their mean values. 

From observations on other watersheds it appears that the ratio of 
the run-off to the rainfall decreases as the amount of annual rainfall 
decreases. Hence in a basin in which the annual rainfall is less than in 
the Sudbuiy Basin the run-off will be less than one-half the measured 
rainfall. 

The difference between the run-off and the rainfall is due principally 
to evaporation and absorption by vegetation; and sometimes to escape 
tibrough subterranean channels. 

The annual evaporation from water surfaces may be either somewhat 
greater or somewhat less than the rainfall, depending on local conditions; 
if the rainfall is very great, the evaporation is relatively small, and vice 
versa. At Astoria, on the Pacific coast, the rainfall is 77" and the 
evaporation is 25". At Cheyenne, Wyoming, the rainfall is 13" and the 
evaporation 76". 

In calculating the run-off of a watershed where the rainfall and evapo- 
ration are equal to each other, the area of all ponds, lakes, streams, etc., 
must be subtracted from the total area. 

The amount of water absorbed by the vegetation will vary from 10" 
to 15" if fed by the rainfall; some irrigated fields can absorb ten times 
as much. 
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1807. Flow of Springs and Wells. — ^The irregularity of the rainfall, 
especially its inequality over long periods of time, as seasons and years, 
affects the imdergroimd streams and reservoirs in the same way that it 
affects the run-off of watersheds. The underground storage will be a 
maximum when the greater part of the annual .rainfall occurs in the 
months when the soil is porous and the loss by evaporation is least. A 
mild wet winter is favorable to the underground flow and storage of 
water, and a dry cold winter is unfavorable to it. 

The flow of a spring or well depends on the amount of rainfall on the 
drainage area from which it receives its supply, on the extent of the 
underground area drained by the spring or weU, and on the velocity of 
flow toward the outlet. 

Any difference of level between two points of a continuous water sur- 
face, whether above or below the surface of the grovuid, will cause a 
flow of water from the higher to the lower point; the velocity of the 
flow will vary directly with the difference of level between the two points, 
and will vary inversely with the resistance to the flow. 

The flow of a spring or weU may be increased by increasing the depth 
of its water-level below the general surface of the ground-water. This 
will increase both the area drained and the velocity of flow towards the 
outlet. 

1808. Measurement of Source of Supply. — If the source of supply is 
a spring or well the volume delivered can be determined by noting the 
time required to fill a reservoir of known capacity, or the time required 
to regain its level after a known volume has been removed. Small 
streams may be measured by a weir, while in large streams the mean 
velocity can be determined by taking the velocity in several places with 
a velocity meter. This mean velocity, properly computed, will, with 
the area of cross-section, give quite accurate values for the discharge. 

1809- Selection of Drainage Areas. — ^The suitability of a drainage 
area wiH, depend on the geographical and geological nature of the coun- 
try. It should, if possible, have an elevation considerably greater than 
the area to be supplied. Limestone formations should be avoided due 
to the hardness they impart to the water. The area should be free from 
pollution, uncultivated land with steep slopes being advantageous. 

1810. Receiving Reservoirs are artificial basins in which is stored the 
water collected in the collecting S3rstem. Distributing Reservoirs are 
similar basins for storage of water to be fed into the distributing mains. 
In either case the function of the reservoir is to equalize the water flow; 
in the receiving system an irregular supply is collected, and water re- 
moved at a uniform rate; in the distributing S3^tem, water is received 
at a xmiform rate, and is fed out irregularly according to the demands of 
the consmners. Pumping systems, with pumps acting intermittently, 
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must have reservoirs to store water so as to supply the system when the 
pumps are not operating. Where a large river or lake, with capacity 
many times the m a ximum daily consumption of the system, is used as 
the source of water, this river or lake itself becomes the receiving reser- 
voir. 

If the som-ee of supply is a drainage area along the Atlantic coast, 
the average daily supply which can be collected from a square mile of 
area is about 1,000,000 gallons. In a year of extreme drought, however, 
the average daily yield may be reduced one-half, or be only 500,000 gal- 
lons. It is evident that if the distributing system requires more than 
500,000 gallons daily from each square mile of the basin, there will be a 
water f amine during this year of drought, unless sufficient water has 
been stored in reservoirs to provide for this deficiency. It is also ap- 
parent that the nearer the daily consumption is to 1,000,000 gallons the 
greater must be the volume of water stored. If this year of extreme 
drought is preceded by one or more years in which the average daily 
yield is also less than the average daily consumption, an additional 
supply will be needed for these years. 

As several years of drought may follow each other, the maximum daily 
consumption is usually limited to 60 or 75 per cent of the average daily 
capacity. Eeservoirs having a capacity of 200 to 250 days' supply will 
then be sufficient to supply the deficiency of three successive years of 
drought. 

Even during a year of exireme drought, it will stiU be necessary to have 
receiving reservoirs, if the maximum daily consumption is more than the 
minimum daily flow which has been recorded or may be expected in any 
summer or autumn month. From the Sudbuiy basin the average daily 
flow in July is 200,000 gallons per square mile, which is only about one- 
flfth of the average daily flow for the year. In a year of extreme drought 
this may be reduced to 20,000 gallons daily. If, therefore, the daily 
consumption exceeds 20,000 gallons per square mile of drainage area, 
some provision must be made for storage. To provide for an average 
daily consumption approaching 500,000 gallons, the total excess sdeld 
of tiiie winter and spring months must be stored for use in the summer 
and autumn. The minimum storage required to equalize the flow for 
a single year is about 75 days’ supply. 

If pumping machinery is employed to raise the water from a constant 
supply to a receiving reservoir, the latter need hold oifly a few days’ 
supply to secure a constant flow in the distributing pipe while the 
engines are shut down over night or for repairs. 

When the streams emptying into a reservoir carry considerable silt, 
due allowance should be made in computing the size of the reservoir to 
allow for the loss of capacity due to tlie silting of the reservoir. 
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1811. Dams. — ^The dams for receiving reservoirs are generally made 
of earth or masonry, of the ts^pes described in Chapter XVII. 

To prevent leakage along the discharge pipe which passes through the 
dam, this pipe is laid on a bed of concrete resting on the impervious stra- 
tum beneath the dam. The pipe itself is then imbedded in concrete, and 
this covering of concrete has projecting rings to increase the resistance to 
leakage along its surface. The pipe may also be laid in a small culvert 
which is constructed on the impervious layer, passes underneath the 
dam, and terminates in a vertical masonry tower, inside the reservoir, 
called a valve tower or gate house. A pipe thus laid is subject to con- 
stant inspection. (Fig 1811A.) 



Fig. 1811 A Earthen Dam with core wall showing valve 
tower and outlet through dam 


One of the most important features of an impounding reservoir having 
an earthen dam is the spillway through which the surplus water is dis- 
charged when the reservoir is full. If the outlet is too small, in time of 
flood the water will rise above the crest of the dam, and flowing over it 
will soon cause its total destruction. If placed in the dam itself and not 
properly constructed, the spillway itself may be washed out and thus 
destroy the dam. 

The length of the crest of the spillway may be determined by the 
weir formula: 

Q = 3.33 b W (1811A) 

where Q = discharge in cubic feet per second 
b = length of spillway crest in feet 
H = height of water in reservoir above crest of spillway 

It should be such that it can discharge the maximum flood without 
causing the water in the reservoir to rise to a plane above the top of the 
core-wall or 3' below the crest of the dam. 

Various empirical formulas are in use for the maxiTnuTri flood discharge,* 
the most common is Fanning’s formula, 

Q = 200 A» 

in which Q = the discharge in cubic feet per second 
A = the area of the basin in square miles 


(1811B) 
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In this formula no factors are introduced which depend on the shape, 
slope, or character of the surface of the basin, although all these must 
affect the maximum discharge. It is thought to give too small a dis- 
charge for rapidly discharging basins in which the area is less than ten 
square miles. 

The spillway should, if possible, be constructed in the solid ground 
beyond one end of the dam, and the water carried in a separate channel 
so far away from the dam that backwater will not come in contact with 
the earth embankment. Unless this channel passes over a ledge of rock 
it should be paved to prevent scouring. If the spillway must be made in 
the dam itself the part of the dam containing the spillway should be of 
masonry; the channel for the water should be so enclosed that the water 
cannot reach the earthen dam. Spillways, in unimportant dams, are 
made of cribwork filled with stones and covered by a plank sluiceway 
through which the water flows. The length of the weir of the spillway 
may also be determined less accurately by the Gould formula 

Z = 20 VZ (1811C) 

in which I = length in feet 

A = area of basin in square miles 

1812. Earth and Rock-fiU Dams for reservoirs of earth or rock dumped 
in place, the faces of the dam taking the natural slope of the material, 
may be used without precaution against leakage, or they may be pro- 
tected by concrete or reinforced concrete aprons, or by masonry core- 
walls, both of which should reach into rock or an impervious stratum. 
Rock-fill dams may take the form of timber cribs filled with rock; this 
permits a facing of plank on the upstream side. (See Chapter XVII.) 

1813. Masomy Dams for reservoirs may be of the gravity type or of 
the hollow reinforced concrete type. (See Chapter XVII.) The entire 
wall or a portion thereof may be used as a ^illway. If the water wastes 



Pig. ISIS A Ogee-faced dam 


over the dam itself, the dam is usually made of the form shown in Pig. 
1813A; this is called an ogee-faced ^m. The water follows the con- 
tour of the face and is discharged at the base parallel to the river bed. 
This reduces to a minimum the tendency to erode the bed. 
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1814. Reservoir Outlets are usually put in the.natural soil outside the 
dam, as they tend to weaken the dam if constructed in the dam itself. 
The pipes are often placed in conduits or tunnels, to permit ready in- 
spection. Reservoir outlets usually pass through masonry gate houses 
or valve towers placed in the dam or placed as separate intake towers 
inside the reservoir (Fig 1811A). The outlets are arranged to take 
water from different levels, each outlet being provided with a valve and 
a screen, the valve and sometimes the screen also being inside the gate 
house. A separate waste pipe at the bottom can be used to drain the 
reservoir. A by-pass is a pipe connecting the inlet and outlet of some 
reservoirs, permitting the water to be passed around the reservoir when 
it is emptied for any purpose. 

1815. Intake. — If the water is taken from a stream, a dam is usually 
constructed at the intake so that the level of the water will be constant, 
and the inlet may be placed well below the level of the ice; the entrance 
of the conduit is covered by a screen to keep out materials which might 
obstruct the flow through it. If the pool at the intake is a large one so 
as to be only slightly affected by the suction of the conduit, there will 
be little danger of the obstruction of the conduit by the needles of ice 
called anchor-ice.. 

In the Great Lakes the intakes are located in strong cribwork shafts 
which are far enough from the shore to secure water unaffected by the 
city sewage. 

Conduits. — The main conduits may connect the intake directly with 
the purifying or distributing system, or the impounding reservoirs with 
either of the above systems. Conduits are constructed of masonry, steel, 
cast iron, or wood. Large conduits not exposed to internal pressure are 
usually made of masonry; they are simply covered canals, and are 
constructed with a uniform grade of slight inclination. In cross-section 
they are usually either circular, elliptical, or horseshoe shaped; the latter 
being the most generally used type. The cut and cover conduits of the 
Catskill water supply of New York City have a cross-sectional area of 
241 square feet. Large conduits which are exposed to considerable 
internal pressure are made in the form of riveted steel pipes; conduits 
from 4' to 9' in diameter have been so constructed. Cast-iron pipes are 
more commonly employed than any other form, and are manufactured in 
sizes varying from 4" to 5' in diameter. Conduits made of wooden 
staves with steel bands are often constructed where suitable lumber is 
cheap and the pressure in the conduit is not excessive; conduits 6' in 
diameter have been made of wood. 

Pumping Machinery. — ^Pumps are of a great variety of fonns, depend- 
ing upon the volume of water to be raised in a unit of time, the head or 
back pressure against which they must work and the depth of the water 
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level below the surface, of the ground. The back pressure is constant if 
the water is pumped into a reservoir, and variable if pumped directly 
into the distributing pipes. One or more reserve pumps are usually 
installed to provide for emergencies; these are absolutely essential in a 
direct pumping system. 

1816. Problem. — Determine thickness of plate required for the bottom course of a 
steel standpipe 60' high and 18' in diameter; allowable unit tension in steel, 12,000 
pounds per square inch; efficiency of joints, 66f per cent. 

Solution. — ^Using the formula for pressure in pipes (627B) 


in which t = thickness of steel in inches = unknown 

D = diameter of standpipe in inches = 18 X 12 

at — allowable unit tension in steel = 12,000 pounds per square inch 

62 6 

p = pressure of water in pounds per square inch = X 60 
Substituting and multiplying allowable unit tension by given efficiency, we have 


62.6 X 60 X 18 X 12 . 

144 X 2 X 12,000 X .667 " 


¥' 


1817. Problem. — drainage basin of 150 square miles feeds a reservoir. Determine 
(a) approximate discharge of basin and* (6) length of spillway of dam. 

Solution. — ^Using the formxilas in paragraph 1811, and substituting proper values, we 
have 

(а) Q = 200 AS == 200 X 150i 

log 200 = 2.30103 
flog 150 = 1.81341 
logQ - 4.11444 

Q = 13,015 cubic feet per second 

(б) I = 20 VA = 20V150 

log 20 = 1.30103 
§ log 150 = 1.08805 
log I = 2,38908 
I = 245' 


Purifying System. 

1818. Impurities.— A purifying system has for its object the removal 
from the water of: 

a. Matter in suspension which colors the water or makes it turbid 

b. Mineral matter in solution which is undesirable 

c. Pathogenic bacteria (disease organisms) 

d. Organic matter which is food for these bacteria 

The mud and organic coloring matter are removed by allowing the water 
to settle in settling basins for a long time, or by the use of coagulants for 
a short time. The mineral matter in solution is undesirable principally 
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on account of giving hardness to the water. This is due to the presence 
of the carbonates or sulphates of calcium and magnesium. Hardness due 
to carbonates is termed temporary since it may be more easily removed 
than that due to the sulphates, which is termed permanent. Hard water 
will not dissolve soap easily and forms boiler scale when used in steam 
boilers. 

All water contains bacteria and other organic substances. The larger 
number of the bacteria present in any supply are harmless or beneficial 
but some forms mostly derived from sewage are harmful. The patho- 
genic bacteria usually found in water are those producing intestinal 
diseases such as t 3 rphoid fever, cholera, dysentery, and diarrhoea. 

The organic substances which furnish food for pathogenic bacteria and 
the bacteria themselves are to a great extent removed in a settling reser- 
voir if the water is allowed to remain in it long enough, perhaps for a 
month or more; as a rule, however, to remove bacteria the process of 
sedimentation is followed by that of filtration. As it is impossible at 
present to destroy the pathogenic bacteria without at the same time 
destroying the harmless varieties, the piirity of the water is measured by 
the total number of bacteria in it. If the number of bacteria in a cubic 
centimeter does not exceed one hundred, the water, while not absolutely 
piue, is considered healthful within reasonable limits. This result is 
obtained in ordinary river water only by the destruction of over 99 per 
cent of the bacteria in it. 

1819. Selection of Sources of Supply. — As it is impossible to remove 
all bacteria from water, a source of supply should be selected which is 
not liable to contain pathogenic bacteria. Sources of supply are classi- 
fied as follows: 

a. Springs, deep wells, and the surface drainage of uncultivated and 
unpopulated lands, as wholesome. 

h. Surface drainage of cultivated and sparsely populated land, and 
rain-water drained from roofs, as suspicious. 

c. Rivers into which sewers empty, shallow wells, and densely popu- 
lated drainage basins, as dangerous. 

Ground waters, except those from rivers, are usually wholesome as 
far as bacteria are concerned, but are liable to contain inorganic sub- 
stances which may be objectionable or even dangerous. Ground waters 
are also more liable than surface waters to nourish vegetable growths 
which give the water an offensive odor or an objectionable taste. These 
growths may be prevented by keeping the water imder cover from the 
time it reaches the surface of the ground until it passes into the distribu- 
ting mains. 
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A source of supply having been selected, proper police supervision 
should be maintained over the drainage area to prevent its pollution. 

1820. Settling Basins. — The term settling basin is ordinarily applied 
to a reservoir which contains from one to four days’ supply of water; 
in such a reservoir the water derived from surface drainage is cleared so 
that it will not clog the filter beds. The bed of the basin is of concrete, 
so that it can be thoroughly cleaned when necessary, and in restricted 
areas the basin is usually walled and roofed with concrete. The depth 
of the water in the basin is usually from 8' to 15'. A lesser depth does 
not prevent the growth of vegetation, and a greater depth makes the 
time required for sedimentation so great as to require a very large settling 
basin. However sedimentation covering such a short period has no 
important effect in reducing the number of bacteria. 

The flow of the water through the basins may be either continuous or 
intermittent. In a continuous system, if there is but a single small basin, 
the water enters near the bottom at one end, moves across the basin with 
a very slight velocity, and leaves the basin near the top at the opposite 
end. The reservoir can be cleaned only by conducting the water through 
a by-pass or pipe which connects the conduit above with the conduit 
below. The water may be compelled to pirrsue a serpentine comse 
through the reservoir by inserting vertical plank partitions called baffles. 
If there is a large receiving reservoir in the system, it will perform all 
the fimctions of a settling basin better than would be done by a special 
basin, except with waters which require the use of a coagulant, as the 
water remains in it a longer time and its depth is greater than that of a 
basin. 

In an intermittent system two or more settling basins are used, one 
being filled while another is being emptied, and the others, if any, are 
settling. 

When the material in suspension in the water is in very small particles, 
such as finely divided day, it is necessary, especially in rapid filtration, to 
aid these materials in settling out by the use of a coagulant. The most 
commonly used coagulant is sulphate of aluminum. Others employed 
are pota^, alum, and h 3 ^ochlorite of lime. The chemical to be used is 
prepared as a solution which is introduced in known quantity, either into 
the water before it reaches the settling basin, or while naioving through the 
latter. The reaction of the chemical in the water produces gelatinous 
precipitates, which in settling carry down the suspended inorganic sub- 
stances, thus greatly reducing the work of the filters. 

The turbidity of the wate- is tested by noting the distance below 
ffle surface at which some standard object can be seen . This object 
is usually a fine platinum wire fastened at right angles to the axis of 
a rod graduated to millimeters. Another method is to compare the 
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water with standard samples containing a known amount of suspended 
matter. 

1821. Storage in a reservoir gives opportunity for settling and clari- 
fying the water and reducing the number of bacteria and other organisms 
by natural death and by the action of sunlight. However organisms 
which cause objectionable odors may grow in stored water, and organic 
matter in the water may decompose. Stagnation of water takes place 
in the lower portions of deep reservoirs due to this cause. While water is 
fed into and drawn from a reservoir frequently, all of the water in a 
reservoir is not changed except at the periods of overturning, once in the 
spring and once in the fall, at which times a thorough mixing takes place 
due to the change in temperature of the air. Stagnation has the effect 
of exhausting the oxygen from the water, replacing it with other gases, 
and of encouraging organic growths. In the period of overturning some 
of these gases tend to coagulate suspended matter in the water. Stag- 
nant water, however, cannot without special treatment be drawn for 
distribution in the water supply system. 

1822. Filters. — ^The object of filtration is to complete the purification 
of the water begun in the settling basin or the receiving reservoir. Filters 
are often divided into two classes: one is the slow sand filter and the 
other is the rapid, or mechanical, filter. 

Slow Filters . — The ordinary slow filter is a basin into which the water 
flows through an inlet above the filter-bed, and from which it escapes 
through an outlet below the filter-bed. The basin may be open or 
covered. In a cold climate it is usually considered advisable, though not 
absolutely necessary, to cover the basin to prevent the water freezing, 
as the filter does not operate satisfactorily with very cold water. In 
warm climates covered filters prevent the growth of vegetation in the 
water, but open filters have the advantage of the bleaching and bac- 
teria-destro 3 dng effect of the sun, although, as sunlight does not pene- 
trate water readily, this effect is not very great. 

Fig 1822A shows a tsqjical sand filter, the walls and bed being of 
concrete. The filter bed consists of ZY of fine sand; around the outlet, 
or collecting pipe, is a bed of gravel, grading into the sand, so that none 
of the sand will be washed away with the filtered water. The filter is in 
two or more divisions, so that any one can be cut off for cleaning. In 
each division, below the bottom of the filter beds, is a large collecting 
drain, into which empty the collecting pipes from each section of the filter; 
these are all tile pipes, laid with open joints. The water so collected is 
run into a dear water basin. Fig 1822B shows the layout of the drains: 
the heavy line represents the main drain; the lighter lines, the small 
collecting pii)es. 

The filter bed must be protected from being disturbed by currents of 
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water; the inlet is in a separate chamber, the water coming at very low 
velocity over the partition wall between this chamber and the filter 
chamber. In starting the filter, water is first admitted through the 
outlet pipe, imtil the sand is thoroughly flooded; then water is admitted 
through the inlet. 



The operation of the filter causes the formation of a gelatinous coating, 
formed from the matter strained from the water; this is an important 
part of the filter — in fact the filter will not operate properly until the 
coat has been formed. The filter operates both physically and chemi- 
cally: physically as a screen or strainer, taking out the matter in the 
water; chemically at the gelatinous coat, where the bacteria cause 
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1822 B Drains for filter 

organic matter to break up into its elements, and with the disappearance 
of this matter, the bacteria also disappear. These bacteria are dependent 
on oxygen, hence if the water and air do not supply enough, the filter 
must be operated intermittently. The gelatinous coat must not be 
ruptured by a too rapid flow of water. The water passes through at the 
late of about 4" per hour, but as the gelatinous coat gradually builds up, 
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either the rate slows down, or the head must be increased. In due time, 
it becomes necessary to empty the filter and scrape off the gelatinous 
coat. Slow sand filters handle from 3 to 6 million gallons per acre per 
day. 

1823. Mechanical Filters . — ^The system described above is very slow, 
and requires a large area of filter beds. To remedy these defects, me- 
chanical filters (Fig 1823A) have been devised. Mechanical filters 
differ from slow filters in the use of a coagulant to remove inorganic 
matter, and the aeration or washing of the sand by mechanical means. 
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Fig. 1823 A. Section of a Mechanical Filter 


The coagulant causes the fonnation of the gelatinous coat, and the 
filter operates in the same way as the slow filter. When the rate of flow 
becomes too slow, the sand is washed by reversing the current, which 
carries off some of the gelatinous coating. The mechanical filter is thus 
intermittent. Its mte of flow is high, and it will handle about 125 mil- 
lion gallons per acre per day. The usual form of filter is a wooden or 
steel vat comparatively small in size. Hence where it is necessary to 
filter a large quantity of water, several filters, usually called a battery, 
must be used. The coagulant is introduced before the water enters the 
filter bed. Alum is the usual coagulant; lime is sometimes added to 
precipitate any free sulphuric acid. 

Iron noay be removed from the water by first oxidizing it by aeration 
and then passing it through a sand filter. This process is employed to 
purify water from wells. If the water does not contain organic matter, 
the process may be a rapid one. 

Temporary hardness in water is due to the presence of calcium carbo- 
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nate in water which contains free carbonic acid. The carbonate is sol- 
uble only when the carbonic acid is also present, and may therefore be 
precipitated by any process that removes the acid. The carbonic acid 
may be removed from small quantities by boiling the water; from large 
quantities, by adding lime-water, with which the carbonic acid can unite 
and form additional carbonate and thus remove the free carbonic acid. 
The carbonate will then be deposited. Filters have been designed for 
expediting this process, which is usually a very slow one. A simple 
filter for field use is shown in Fig 1828B. 



Fig. 1823 B 
Intermittent Barrel Filter 


Sterilization. — After passing through the filters, water from question- 
able sources is usually sterilized to remove those harmful bacteria which 
may have passed the filter. Liquid chlorine, sodium hypochlorite, 
hypochlorite of lime, or ultra-violet rays are used for this purpose. 
The last named agent destroys the bacteria by the liberation of oxygen, 
as free oxygen kills bacteria. Liquid chlorine is now very generally used 
due to its ^ectiveness and the ease with which it can be handled. To 
determine the presence of pathogenic bacteria tests are usually made to 
determine the number of colon bacilli present. This germ is easy to 
detect and if it is found in any quantity the water is generally regarded 
as unsafe. 
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Distributing System. 

1824. Distributing Reservoir. — A distributing reservoir is intended 
for one or more of the following purposes: 

a. As a source of supply for the distributing system to prevent a water 
famine in case of accident to any part of the receiving S 3 rstem; three 
or four days’ supply is usually considered sufficient for this purpose. 

b. As a basin for the storage of the filtered water which flows from the 
purifying system. A reservoir of this tj^e is also called a storage reser- 
voir. To reduce the probability of contamination of the water in a 
storage reservoir to a mini mum , the reservoir is usually limited to a 
day’s supply or less, and the reservoir is wholly inclosed and covered. 

c. To allow the hourly consumption to be variable, although the 
hourly supply which flows from the receiving reservoir or the purif 3 dng 
system is constant. This hourly consumption may be 40 per cent in 
excess of the mean hourly consumption; for this puipose the capacity 
of the reservoir is based on the hourly variation on the day of maximum 
daily consumption. In small plants the maximum hourly consumption 
is at the time of a large fire, and the reservoir is constructed to meet 
the emergency. 

In pumping systems the distributing reservoir may be a small tank 
placed on a skeleton steel tower, or it may be a vertical cylinder of riveted 
steel plate, called a standpipe. The object of the former is simply to 
regulate the back pressure, while the latter is in addition a small reser- 
voir. If the water supply is wholesome and the receiving reservoir a 
large one, settling basins and filters are often omitted and the receiving 
reservoir also serves as a distributing reservoir. 

1825. Water mains distribute the water from the distributing reser- 
voir to the houses of the users. The system of water mains should fulfill 
the following requirements: 

а. Every part of the system should be strong enough to resist the 
static head of the distributing reservoir. 

б. The hydraulic head at every point of the system should at all 
times be sufficient to raise the water to the desired height in adjoining 
buildings. 

c. The water in every part of the system should be in constant motion, 
and should not be allowed to become stagnant. 

d. If a break or leak occurs in any main, it should be possible to stop 
the flow through a short section in the immediate vicinity of the break 
without interferipg with the supply in other parts of the system. 

e. It should furnish an abundant supply to fire-plugs placed at inter- 
vals alopg the mains. 
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These requirements are fulfilled in general by laying, in the streets of 
a city, a network of connecting mains, sometimes called a gridiron system, 
thus forming an underground reservoir of considerable capacity, Fig 
1825A. The smallest of these mains has a diameter of at least 4". 
The aggregate area of cross-section decreases with the decrease of the 
area to be supplied. 
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Fig. 1825 A Gridiron system of distributing pipes 


If in the low part of the city the hydraulic head is too great, it is 
decreed by partially closing a valve in the main which supplies it, or a 
special valve may be introduced to cut off the supply when the hydro- 
static head reaches a certain amoimt. 

Where a considerable district is elevated, a special high service system 
with separate reservoirs, piping, and usually special pumps, is installed. 
Water for high service is usually taken from the mains fed by gravity 
from the principal reservoirs, which must have a capacity sufficient for 
the high service water in addition to their regular gravity or low service 
supply. Special pumps and piping are also installed for high pressure 
fire service in some cities. 

The water mains of cities are usually cast iron pipes dipped in coal 
tar, with bell and spigot joints which are closed with hemp and lead. 
Valves are inserted at intervals so that any part of a main can be tempo- 
rarily closed at both ends in order to make necessaiy repairs. The valves 
are vertical leaves which are lowered by means of a screw; this prevents 
their being closed rapidly. If the flow of water through a pipe is sud- 
denly checked, the pipe is subjected to a severe blow from the water- 

hammer thus formed. The intensity of the blow varies directly with 
the volume and velonitv r>f 
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Brackett’s formula for cast iron pipe is 

t = ^^g+ - g ^ + 0.25 (1825A) 

in which t = thickness of pipe in inches 

■p = static pressure in pounds per square inch 
p' = allowance made for water-hammer 
= 70 for pipes over 36" in diameter; 

75 for 36"; 80 for 30"; 90 for 20"; 

110 for 12"; 120 for smaller pipes 
r = radius of pipe in inches 

Small house connections are generally lead or galvanized iron pipes, 
xisually about |" in diameter, which can, by a special device, be attached 
to the main without stopping the flow of water. Fire-plugs are attached 
to short branches connected with the street mains. 

A blow-off is a short branch with a suitable valve, through which the 
water in the main can be discharged. Blow-offs are placed at low points 
and at the dead ends of conduits and mains to force out deposits which 
may collect there. 

Air-escape valves are placed at the high points of conduits to remove 
the air which may collect there and interfere with the flow. 

Water-meters are employed for measuring the house consumption; 
they are attached to the service pipes. • The Venturi meter is one which 
may be employed for measuring the flow tmder pressure through a -mairi 
or conduit of any size. 

1826. Electrolysis in cast iron pipes is caused by stray return currents 
of electricity from various sources, especially from electric railways. 
These currents flow along the pipe and leave the pipe near the power 
stations. Where the current leaves the pipe, either at the power stations 
or when skipping over the joints, which have high electrical resistance, it 
gradually decomposes the material of the pipe, causing leaks. Elec- 
trolysis can be much reduced by connecting the pipe at intervals to the 
street car tracks, and by use of insulated joints which increase its resist- 
ance. The current is carried to the pipe and around joints through moist 
soil; it does not pass readily through dry soil. Where the joints are 
welded, they offer no resistance to the passage of current, so electrolysis 
occurs only near the power stations. 

1827. Catskill Water Supply for New York City. — This system is of 
the gravity type. The drainage areas lie in the center of the Catskill 
Mountains about 100 miles north of the city, and have a combined area 
of 771 square miles. 

A series of dams across the valley of the Esopus Creek form the Ashokan 
reservoir, which has an available capacity of 128,000,000,000 gallons 
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at an. elevation of 590' above mean tide in New York Harbor. Water 
is taken from this impoimding reservoir by an aqueduct to the Kensico 
reservoir about 30 miles north of New York, which has an available 
capacity of 29,000,000,000 gallons, sufficient for several months, and 
acts as a storage reservoir to make possible a continuous supply if repair 
of the system above this point were to become necessary. To equalize 
the difference between the use of the water, as it varies from hour to hour, 
and the steady flow in the aqueduct, the Hill View reservoir was con- 
structed just north of the city limits with a capacity of 900,000,000 gallons. 

Four general types of aqueduct were used: cut and cover, grade tun- 
nel, pressure tunnel, and steel pipe siphon. The cut and cover aqueduct 
is of the horseshoe tj^e of simple concrete. (Fig 1827A.) The grade 
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tunnels are of the same shape but smaller and with a steeper grade for 
economy in excavation. The pressure tunnels are circular in cross- 
section and lined with concrete. The Hudson River is crossed by means 
of a tunnel about 14' in diameter wholly in granite rock (Pig 1827B), 
at a depth of 1114' below sea level, between a shaft at Storm King Moun- 
tain on the west bank and another at Breakneck Moimtain on the east 
bank. Steel pipe siphons are used in valleys where the rock is not sound 
or where for other reasons pressure tunnels would be impractical. They 
are covered inside and out with a protective coating of concrete. 

To improve the quality of the water the following treatments are used: 
aeration, coagulation, and chlorination. Aerators are installed at both 
the Ashokan and Kensico reservoirs, each with about 1600 nozzles 
designed to produce a fine spray to provide as thorough oxidation as 
possible. Near Kensico reservoir is the coagulating plant which is 
arrange, to introduce a coagulant, when necessary, into the water in the 
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aqueduct so that a complete mixture will be obtained before reaching 
the settling reservoir. As the water leaves the Kensico reservoir it passes 
through a screen chamber so arranged as to admit of chlorination. The 
filtration plant designed for the aqueduct below the Kensico reservoir 
is of the rapid sand type. 



Fig. ISiT B 

Catskill A.queclucc-pres8ure tunnel 


The bacteria content is reduced by each of these treatments: by 
aeration due to the action of the oxygen, by the coagulant through the 
settling of the suspended matter which carries some bacteria down with 
it, and by the chlorine which kills the greater part of those remaining. 

From Hill View reservoir, Catskill water is delivered into the five bor- 
oughs by a circular tunnel in solid rock reducing in diameter from 15' to 
14', 13', 12', and 11'. The total length of the timnel is 18 miles. From 
two terminal shafts in Brooklyn, steel and cast iron pipe lines extend 
into Queens and Richmond Boroughs. A 36" flexible-jointed, cast 
iron pipe buried in a trench in the harbor bottom has been laid across 
the Narrows to the Staten Island shore, whence a 48" cast iron pipe ex- 
tends to the Silver Lake reservoir, holding 435,000,000 gallons. The 
total length of this delivery system is over 34 miles. The tunnel, under 
the city, is at depths of 200' to 750' below street surface, thus avoiding 
interference with streets, buildings, subways, sewers, and pipes. The 
waterway of the tunnel is lined throughout with concrete. 


1828. Problem. — A cast iron water main is 20" in diameter, and 0.8" thick, 
is the maximum pressure head that it will cany under Brackett’s formula? 


Solution. — 


t — 4 , Q 25 

^ ' 3300 ^ 

0 g _ (P + 90)10 _ 

3300“ 


p = 91.5 
^ 144 X 91.5 

^ 623 — 


- 210 , 8 ' 


What 
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1829. Problem. — A reservoir, elevation 120', delivers water at a point 6000' distant, 
elevation 20', under the condition that the velocity in the main shall not exceed 6' per 
second. 

(а) What size pipe should be used? (Friction coefficient 0.01.) 

(б) What amount of water will this pipe supply? 

Solution. — (a) Using equation 542A, and transposing for i?, we have 




100 = 


.0621 X .01 X 5000 X 36 
D 


D = 1.12' = 13.4'^ 


(6) Using equation 542B and substituting above value of H, we have 


Q « 3.152 


V 

V 


fil 


100 X (1.12)5 


- 3.152 y ^ 

== 5.9 cubic feet per second 


For more detailed information see 

Waterworks Handbook, Flynn, Weston, and Bogert 

Hydraulics, Merriman 

Civil Engineering, Fiebeger 

Water Supply Engineering, Folwell 

American Civil Engineer’s Pocket Book, Merriman 


PROBLEMS. 

P. 1801. What is the maximum flood discharge under Fanning’s formula for a 
basin averaging 4 miles wide along 10 miles of a stream? How long would the spill- 
way of a dam closing this area have to be? 

P. 1802. How long would it require to fill a reservoir having a capacity of 900,000 
gallons from the flood discharge of- a drainage area of 20 square miles? 

P. 1803. Determine thickness of cast iron outlet pipe for a steel standpipe 70' high, 
20' in diameter, the lowest point of the pipe being 10' below ground under the stand- 
pipe. 

P. 1804. A cylindrical steel standpipe 40' high, 10' in diameter, receives water at a 
pressure of 90 pounds per square foot. Determine thickness of plates at bottom of 
standpipe. 

P. 1805. A cylindrical steel water tank without a roof is 20' high, and 10' in diameter. 
Determine weight of tank on tower. 

P. 1806. A reservoir, elevation 235', supplies water through a steel main 20 miles 
long. If the main at its terminal is 20" in diameter, at elevation +15', what should 
be its diameter at its lowest point, elevation —15'? 

P. 1807. A reservoir has a catchment area of 37,000 square miles. The average 
run-off is 0.05 c.f,s. per square mile, and the average silt content is 0.25% by volume. 
Compute the volume of silt deposited in 10 years on th^e assumptions. 
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P 1808. A reservoir has a water surface of 2000 acres and a catchment area of 

50.000 acres. Starting with the reservoir full to crest of wasteway, water enters at the 
rate of per hour over the entire catchment area for 24 hours, followed by a 24-hoiir 
period during which the inflow is equivalent to i" per hour. Find the length of waste 
weir so that the water will not rise more than 1.5'. 

P. 1809. A pipe line is to be 42,800' long and to supply an average demand of 

3.200.000 gallons per day. The difference in elevation between intake and outlet is 146'. 
The maximum demand is 175% of the daily average. What size of cast iron pipe is 
required? 

P. 1810. A broad shallow stream has a depth of 3' and a slope of 5' per mile. U 
a dam 8' high be built across this stream how much will the water surface be raised one 
mile upstream using Chezy C = 75. 

P. 1811. What would be the pressure in poimds per square inch at the bottom 
of the tunnel under the Hudson River at Storm King, elevation —1114', reservoir 
elevation 590', if the flow should be stopped? 

P. 1812. Determine thickness of cast iron water main 20" diameter, under a head of 
200'. 

P. 1813. A 16" cast iron water main .60" thick carries 100 pounds per square foot 
pressure. It is desired to, increase this pressure to 250 pounds per square foot for fire 
purposes. An 8" pipe would supply enough water for fire purposes alone. If cast 
iron pipe costs $40 a ton new, and can be sold as scrap at $8 per ton, is it cheaper to lay 
a separate 8" fire main or replace the water main with heavier 16" pipe? 

P. 1814. A town of 2000 is in need of a water supply system; water can be obtained 
by damming a small stream at an elevation of 290' above the town, distance one mile. 
Determine the size of drainage area needed, the capacity of the reservoir for 100 days’ 
supply, and the diameter and thickness of cast iron water pipe for the supply main. 

P. 1815. What should be the thickness of a rectangular masonry dam, whose height 
is 30', if the level of the reservoir is 2' below the crest of the dam? Specific gravity of 
masonry is 2.3. Maximum pressure must not exceed twice mean pressure. 

P. 1816. What will be the maximum and mean pressure upon the base of the dam in 
preceding problem? 

P, 1817. What will be the discharge, in gallons per second, from an orifice 2" square, 
whose center is 4' below the surface? 

P. 1818. What is the discharge in cubic feet per second of a weir 3' long under a head 
of 6", if there is no end contraction? If it is contracted at the ends? 

P. 1819. A long pipe, 1' in diameter, has a hydraulic gradient of 1/100. What 
is the velocity of flow and discharge per second if / = 0.012? 

P. 1820. The velocity of flow in a long pipe, 2' in diameter, is 3' per second. What 
is its hydraulic gradient and discharge per second if / = 0,010? 

P. 1821. A long pipe, 6" in diameter, delivers one cubic foot of water per second. 
What is the velocity of flow and the hydraulic gradient if / = 0.012? 

P. 1822. The hydraulic' gradient of a long pipe is 1/100 and the velocity of flow 
4' per second. What is its diameter and its discharge per second if / = 0.010? 

P. 1823. The hydraulic gradient of a long pipe is 1/100 and its discharge is 3 cubic 
feet per second. What is the velocity of flow and its diameter if / == 0.012? 

P. 1824. A pipe, 2000' long, is made of two equal lengths; one has a diameter of 8" 
and the other of 6". What is the discharge per second under a head of 20'? / = 0.01. 



CHAPTER XIX. 

SEWERAGE AND SEWAGE DISPOSAL. 

1901. Definition of Terms. — Sewage is the term applied to the liquid 
and soft solid waste products of a community. The means of removing 
the sewage, through an arrangement of pipes or conduits, by aid of the 
communitj^s water supply, is called sewerage. A sewerage system, 
then, comprises all the conduits or sewers, pumping stations, treatment 
plants, or other works, which are necessary to collect, purify, and dis- 
pose of the sewage. 

Surface run-off after rainfalls, and household and manufacturing wastes, 
are the main sources of sewage. Sewerage systems are spoken of as 
combined or separate according as the waste products and surface run-off 
are carried in one system of sewers, or in two. 

SEWERAGE SYSTEMS. 

1902. Separate System. — ^The principal advantages of the separate 
system are: 

(a) The first cost of the system is reduced since sewers to take care of 
the household and factory wastes can be built while the surface drainage 
is allowed to run off in surface drains. If it becomes necessary, later on, 
to remove the surface run-off in sewers, these storm-water sewers can be 
consiaucted as a separate project. 

(&) Where sewage must be purified before it can be disdiarged into a 
body of water the separate system is the more economical, since the cost 
of treatment is a function of the amount of sewage. In the combined 
system it is necessary to purify all sewage, until the normal dry-weather 
flow has be«i diluted suflSciently by storm water to permit the discharge 
of the sewage without creating a nuisance. In the separate system, 
however, the household and factory wastes can be treated and the 
storm water disdiarged directly into the lake or stream. 

(c) The separate system is more economical to construct, from the 
point of view of the amoxmt of excavation necessary. Since the base- 
ments of the houses must be drained, in the separate S3rstem it is necessary 
only to place the house sewers at a depth to take this drainage while 
the storm-water sewers are placed nearer the surface of the ground. 
In the combined system the sewer, which is larg®-, must be constructed 
deep enough to drain the basements. 
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1903. Combined System. — ^The principal advantages of the com- 
bined system are: 

(а) With the combined system the chances of error in connecting the 
houses with the sewer are reduced, since there is only a single system of 
conduits in each street. 

(б) It is more economical to maintain a combined system. Flushing, 
for example, is a maintenance item which is provided for naturally in 
the combined system, due to the cleaning action of the storm-flow. 
In a separate system, however, flushing has to be done by the use of 
automatic flushing tanks or the imcertain action obtained by connecting 
small drainage areas, as roofs and yards, with the house sewers,. 

1904. In general the combined system is used in large cities so located 
that the sewage can be discharged without treatment into a large body 
of water. Where the sewage must be treated it is usually best to use 
the separate system, due to the reduced cost of purification. For small 
conummities, where the surface run-off can be carried in open drains, the 
separate system is generally used, due to its economy. It may also be 
found advantageous to use the separate system when it is necessary 
to pump sewage before it can be discharged into the natural drainage 
system of the coimtry. 

1905. Parts of Sewerage System. — A sewerage system consists of the 
following principal parts, some or all of which are used in every system: 
conduits or sewers, manholes, house connections, inlets, pumps, and 
treatment plants. 

The sewers, or conduits, are generally classified as: 

1. Lateral sewers, which collect the sewage from the house con- 
nections, but do not receive sewage from any other sewer. 

2. Branch sewers, which receive the flow from the laterals. 

3. Main or trunk sewers, which collect the flow from two or more 
branch sewers. 

4. Outfall sewers, which receive the sewage from the trunk sewers, 
and discharge it either into some body of water or at some treatment 
plant. 

Manholes are placed at intervals, not greater than 350', along each 
conduit, at all points of change of grade or direction, and at all junction 
points, to give access to the sewer for cleaning and inspection. A stand- 
ard type of manhole is shown in Fig 1905A. 

The term inlet is applied to the opening by which the storm water 
enters the sewer. 

Storm water entering a sewer usually passes through a catch-basin, 
a boxlike shallow well designed to catch material in suspension before 
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discharging the water into the sewer. A vertical section of a catch-basin 
is shown in Fig 1905B. The water enters at C and passes into the sewer 
at A, which is the inlet. At B is a manhole so that the material caught 
can be removed. 



House connections are made with the sewer through either a T or a Y 
branch. Where the topography makes it necessary, pmnps are used 
to raise the sewage to a higher level. 

Classes of Sewage. 

1906. Domestic Sewage. — ^Household waste, or domestic sewage, is 
the water which has been used in the residences. It has a pollution of 
about one-tenth of one per cent, consisting of various organic matter. 
In appearance it is slightly turbid, with floating matter, and has hardly 
any odor when fresh. 

1907. Industrial Sewage. — ^The factory waste, or industrial sewage, 
varies greatly in amount and character. It may contain both acids and 
alkalies, organic matter, tar, and many other substances, all of which 
have been found to amount to about 7 or 8 per cent of the sewage. 
Gasoline, due to its explosive nature, should never be allowed to enter 
a sewer. In amoimt industrial sewage is about i to ^ of the domestic 
sewage. 

1908. Surface Drainage. — Storm sewage, or surface drainage, is the 
rain water running off the roofs and streets. It carries such dirt as 
its amount and velocity make possible, consisting of sticks, leaves, 
paper etc. 

1909. The aim of a sewerage system is to remove, in closed conduits, 
all sewage from the limits of the community before the polluting sub- 
stances begin to decompose, and dispose of it in a manner which will not 
produce a nuisance, or a menace to public health. . 

Design of a Sewerage System. 

1910. Preliminary Estimates. — Before the structural details of the 
systan can be designed it is necessary to know the amount and kind of 
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sewage to be cared for, how it shall be disposed of, and whether a separate 
or combined system of sewers is best suited to the needs of the com- 
munity. These matters are so related that a careful study should be 
made before a decision is reached. 

The amoimt of domestic sewage will depend on the future population 
of the area, it being customary to design for an estimated population 
about 30 years in advance, and the probable consumption of water per 
capita. The amount of storm-flow is a function of the rainfall and the 
topography. It is greater in amount in a given area in a congested dis- 
trict than in a residential district. The estimation of the amoimt of 
industrial sewage is very difficult since it is hard to foretell changes in 
the types of manufacturing, but the general commercial characteristics 
of the city are considered in the light of possible changes. Where the 
combined system is used, the stormrjlow, due to its large amount though 
for a limited time, is the principal factor governing the size of the system. 

The method of disposal is decided on, after consideration of the avail- 
able points of discharge and effect of the sewage upon the body of water 
which receives it. At many places, laws govern the discharge of sewage 
into the natural drainage systems thus fixing certain limits to the design. 
If it is physically possible to discharge the raw sewage directly, the effect 
upon the body of water may make this method impossible, since the 
dilution may not be great enough to prevent the creation of a nuisance 
either from the standpoint of public health or commerce. Where some 
method of treatment is necessary, the amount and character of the sewage, 
the cost of construction of the plant, and the cost of operation must 
be considered. The various methods of treatment, to be discussed later, 
depend for their effectiveness upon the condition of the sewage. This 
makes necessary an investigation of what chemicals will be present in 
the industrial sewage. 

The principles bearing on the choice between the separate or combined 
system have been previously discussed. 

1911. Field Work. — ^Not only must the total future population be 
estimated, but the area must be divided into districts based on the 
density of population so that larger sewers may be placed where neces- 
sary to serve the more congested parts of the city. These districts must 
be then considered as to their topography in order to arrange the system 
so that a gravity flow wiU be obtained whenever possible. This re- 
quires that a carefully prepared contour map be available. A tentative 
system is then laid out on a map. In doing this, consideration must be 
given to the location of street railways and sewers or other pipes then in 
place in the streets and to the depths of the cellars, if these are to be 
drained. Lines of levels are then run so that profiles of all the proposed 
lines can be plotted and tied in with the elevation at which the sewage 
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must be discharged. Where it is impossible to discharge the sewage by- 
gravity, as at New Orleans, it must be delivered at a pumping plant 
where it is raised to the elevation necessary to discharge. 

The cost of excavation is dependent on the character of the soil, hence 
the presence of ground water or rock should be determined by borings 
or test pits. The amount of sewage that is expected in each part of the 
system is then computed. Having determined the quantity of sewage, 
and the limits as to grade, the sizes of the conduits can be determined. 

1912. Flow in Sewers. — ^Having determined the size of pipe to be 
used, it is necessary to consider the grade at which it is to be laid, with 
a -view to reducing the amount of excavation to a minimum, and to se- 
curing the proper velocity. The earthwork table below shows the varia- 
tion of the amoimt of excavation with the size of pipe and the depth. 


EARTHWORK TABLE. 


Cubic Yards of Excavation Required per Linear Foot of Trench 


of 

Trench 

6" pipe 
1.6' 
trench 

8" pipe 
1.8' 
trench 

10" pipe 
2.0' 
trench 

12" pipe 
2.2' 
trench 

14" pipe 
2.4' 
trench 

16" pipe 
2.5' 

j trench 

18" pipe 
2.7' 
trench 

20" pipe 
2.9' 
trench 

4'.0 

.24 

.27 

.30 

.33 

.36 

.37 

■■ 

.43 

4'.6 

.27 

.30 

.33 

.37 


.42 

.45 

.48 

6'.0 

.30 

.33 

.37 

.41 

.44 

.46 

.60 

.54 

6'.5 

.33 

.37 

.41 

.45 

.49 

.61 

.55 

.59 

6'.0 

.36 

.40 

.44 

.49 

.63 

.56 

.60 

.65 

6'.5 

.39 

.43 . 

.48 

.53 

.68 


.65 


7'.0 

.41 

.47 

.62 

.67 

.62 

.65 

.70 

.75 

7'.5 

.44 

.50 

.66 

.61 

.67 


.75 

.81 

8'.0 

.47 

.53 

.69 

.66 

.71 

.74 

.80 

.86 

8'.5 

.60 

.57 

.63 

.69 

.76 

.79 


I .91 

9'.0 

.53 

.60 

.67 

.73 

.80 

.83 

.90 

1 .97 

9'.5 

.66 

.63 

.70 

,77 

.84 

.88 

.95 


lO'.O 

.69 

.66 

.74 

.81 

.89 


1.00 

1.07 

10'.5 

.62 

.70 

.78 

.86 

.93 

.97 

1.06 

1.13 

ll'.O 

.65 

.73 

.82 


.98 


1.10 

1.18 

ll'.S 

.68 

.77 

.85 

,94 

1.02 

1.06 

1.16 

1,23 

12'.0 

.71 

.80 

.89 

.98 

1.07 

1.11 

1.20 

1.29 

12'.5 

.74 

.83 

.93 


1.11 

1.16 

1.25 

1 1.34 

13'.0 

.77 

.87 

.96 

1.06 

1.15 


1.30 


13'.5 

.80 

.90 

1.00 


1.20 

1.25 

1.36 

1.45 

U'.O 

.83 

.93 

1.04 

1.14 

1.24 


1.40 


14'.5 

.86 

.97 

1.07 

1.18 

1.29 

1.84 

1.45 

1.66 

15'.0 

.89 

1.00 

1.11 

1.22 

1.33 

1.39 

1.50 

1.61 

15'.5 

.92 

1.03 

1.15 

1.26 

1.38 

1.44 

1.55 

1.66 

16'.0 

.95 

1.07 

1.19 


1.42 

1.48 

1.60 

1.72 

16'.6 

.98 

1.10 

1.22 

1.34 

1.47 


1.66 

1.77 

17'.0 

1.01 

1.13 

1.26 

1.39 

1.51 

1.67 

1.70 

1.83 

17'.5 

1.04 

1.17 

1.30 

1.43 

1.56 

1.62 

1.76 

1.88 

18'.0 

1.07 

1.20 

1.33 

1.47 

1.60 

1.67 

1.80 


18',5 

1.10 

1.23 

1.37 

1.51 

1.64 

1.71 

1.85 

1.99 
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The vdoeity of flow in a sewer should not be so small that deposits 
will be formed in the sewer, nor should the velocity be so great that 
stones will be swept along swiftly and chip the bottom of the sewer. 
Even if the velocity is so great that the sewer is worn, it will be some time 
before it is necessary to replace it; but if it is too small, allowing the 
forming of deposits, a serious menace to health is soon produced which 
will require the reconstruction of the entire sewer. To prevent deposits 
from domestic sewage, a mi nimum velocity of 1.5' per second is required, 
while for storm sewage, due to the greater weight of the material carried, 
the velocity should be not less than 3' per second. In sewer systems 
where the flow in any branch does not maintain the required velocity, 
it is necessary to flush out the sewer by pumping water through it or by 
watOT from a flush tank. A flush tank is a tank with a siphon whose 
highest point is below the top of the tank. A small stream of water 
continually flows into the tank and the tank is discharged by means of 
the siphon when the level of the water reaches the top of the siphon. 

To prevent the clogging of sewers, no pipes smaller than 6" or 8" 
are used in practise. All pipes less than 18" in diameter are ordinarily 
designed to flow half full and all greater than 18" to flow three-quarters 
full. This allows for ventilation of the sewer while at the same time 
introducing a factor of safety to provide for unforeseen future increases 
in the volume of sewage. A velocity of from 2' to 2|' per second has been 
found to give satisfactory results. With this velocity the following mini- 
mum grades have been computed: 


Pipe 

Grade 

c. 

Pipe • 

Grade 

8" 

0.040 per cent 

18" 

0 . 014 per cent 

12 " 

0.024 

20" 

0.012 

16 " 

0.016 

24" 

0.010 " 


Sewer Constraction. 

1913. lilaterials of Construction. — Since sewage does not ordinarily 
run under a pressure head, the sewer is subjected to external rather 
than internal forces. Hence, the conduit is designed only to withstand 
these external forces. In order to offer little resistance to the flow of 
the sewage it is necessary that the inner surface of the sewer be smooth. 
Since acids are present in the sewage, it is also important to use a material 
which they do not attack readily. The number of changes of direction 
should be reduced as much as possible in order that the resistance to flow 
caused by each change of direction may be reduced to a TniTn'miim 
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The materials which have come into general use in sewer construction 
because they best fulfill the above conditions are: concrete pipes, brick 
conduits, iron pipes, and glazed stoneware pipes. Iron pipe finds its 
greatest application in very compressive soils, where stoneware pipe 
would be likely to break, and in all cases where the sewage flows under 
a head, as is the case in an inverted siphon connecting the sewerage 
systems on opposite banks of a stream. 

1914. Vitrified or Stoneware Pipes. — Stoneware pipe can be obtained 
in standard sizes varying from 2" to 24" in diameter. Manufacturers 
make larger sizes to fill special ordere. The smallest pipe used in stand- 
ard sewerage work is the 6", although 4" pipe is sometimes used for 
house connections. Where the diameter of the conduit exceeds 24" 
brick or concrete is generally employed instead of the special sizes of 
vitrified pipe. 


1914 

There are two general t37pes of stoneware sewer pipe: the ring type, 
Fig 1914A, and the spigot-and-bell type. Fig 1914B. The ring pipe is 
simply a cylinder which is provided with rings or bands to cover the 
joints between sections. A semi-cylindrical pipe is also made, called 
split or channel pipe. This pipe is used as a lining for the bottom of 
brick or concrete conduits. 



Fi^. 1914 & 

1915. Pipe Joints. — ^Joints with the spigot-and-bell tj^pe are made by 
inserting the spigot of one pipe into the socket of another and closing 
the joint with a gasket of waste covered with well compressed cement 
mortar. It has been found by experiment that the tightest joints can be 
made with a neat Portland cement. A 1 : 1 Portland cement mortar is, 
however, quite generally used. The object of placing the waste in the 
joint is to prevent the mortar from protruding into the pipe and forming 
a rough surface which would impede the flow. Ring pipe is usually laid 
in a bed of concrete, the joint bands being completely covered with the 
concrete. The method used in Washington, D.C., in lasdng ring pipe is 
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shown in Pigs 1915A, B, C. Fig 1916A is at a joint and Fig 1915C 
between joints. Where a wider base is necessary the method shown 
in Fig 1915D can be employed. 



Fig. 1519 D 


1916. Brick and Concrete Sewers. — Where the required area of cross- 
section of a sewer exceeds that of a 24" pipe, conduits are generally con- 
structed of brick or concrete. For these larger sized sewers three foims 
of cross-section are commonly employed: the circular, the egg-shaped, 
and the horseshoe. The circular section is the cheapest, since it gives 
the greatest area of cross-section for a given amount of material. The 
^g-shaped and horseshoe sections, however, have characteristics which 
make them advantageous under certain circumstances. In a combined 
sewer where the dry weather flow is small as compared with the storm 
flow the ^g-shaped section maintains a higher velocity of flow, which 
prevents deposits. This is due to the fact that this section has a greater 
hydrauhc mean depth and hence a greater velocity than the circular 
section when only partly full. When it is desired to secure a large area 
of cross-section with a reduction in the height of the sewer the horseshoe 
section is used. Fig 1916A shows a horseshoe shaped sewer as built in 
Washington, D. C. 

The lower part of a brick sewer is often lined with vitrified stoneware 
blocks to reduce the amount of friction. These liners are called vitri- 
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fied sewer or invert blocks. Where very steep slopes have to be con- 
structed the invert can be lined with paving brick to reduce the result- 
ing excessive wear. 



1917. Size of Pipe. — ^For determining the size of pipe required, Kut- 
ter’s formula has been almost universally adopted in connection with 
sanitary sewers. Engineers have used different values for n, but 0.013 
for vitrified pipe, and 0.015 for concrete and brick, have been found to 
give very good results. Certain experience has led to the belief that 
this formula gives a result which is a trifle low, but on taking into con- 
sideration a safety factor of 1| to 2, the figure is still within safe limi ts. 
While it is assumed that the student is familiar with this formula, he 
will find it discussed at some length in paragraph 559. 

The hydraulic elements of a circular pipe as computed by Kutter’s 
formula are shown in Fig 1917A. By referring to the formula, whiA 
is y = CV RS, it is seen that the velocity varies directly with the V E. 
The figure shows this variation graphically. If it is assumed, for in- 
stance, that a pipe is running 0.40 full, then by starting at 0.40 on the 
left edge of the diagram and following the horizontal line we find, from 
the curve intersections, the discharge to be 0.34 of the discharge when the 
pipe is running full, the area of cross-section of the water to be 0.38 
of the total area, the hydraulic mean radius to be 0.84 of the value when 
full, and the velocity to be 0.9 of the velocity when the pipe is full. It 
will be noted that the maximum velocity occurs when R, or the hydraulic 
radius, is a maximum, which is when the pipe is 0.8 full. The figure also 
shows the variation of the area of cross-section of the water and since the 
discharge is a function of the area and the velocity, it is seen that the 
maximum discharge occurs when the pipe is about 0.9 full. 

1918. Pipe Diagram. — It is impractical in practise to attempt to 
figure the diameter of each pipe individually, and, while tables may be 
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used, some form of diagram will be found to give sufficiently accurate 
results and is a much quicker method. The diagram shown in Pig. 1918A 
is plotted on logarithmic paper, the lines on which are arranged on the 
same principle as on the slide nile, permitting practically straight lines 
to be used. The method of compilation is simply to calculate for the 
two extremes in grade, plot the points in their proper location and draw 
in the lines between them. 



0.0 p.l 0.2 0.3 0.4 0.S 0 .e 0.7 0.8 0.9 1.0 l.l 1.2 

/^af/oof//ydrcrLf//cj£^/e/7!e/?fsoi^/y//ec/Seg/77e/?/-jfo//roseo/£hfrre‘5ec/^/o/ 


To illustrate the method of using Fig 1918A, let it be required to find 
the slope and the velocity of the sewage in a 2.5' sewer discharging 10 
cubic feet per second. 

Starting at the bottom of the figure at 10 follow the vertical line until 
it intersects the “ diameter in feet ” diagonal line marked 2.5. Reading 
on the left edge of the figure, the slope is 0.6' per 1000. Interpolating 
for the velocity between the diagonal velocity lines, we find it to lie 
between 2.0 and 2.5 and to be about 2.1 feet per second. In a similar 
manner, if given any two conditions we can determine the two unknown 
conditions. 


Hydraulic Slope in I^t per lOOd 
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Circular Conduits 
a^=.013 



Mg. 1918 Discharge o£ Circular Conduits Flowing Full 
by Kutter Formula. 


Diameter of Conduit in Inches 
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1919. Ventilation of Sewers. — Since material is apt to settle in sewers 
and give off offensive and noxious odors, it is necessary to provide for 
ventilation. The ordinary method is by the use of perforated covers on 
the manholes which allow a circulation of air through the pipes, thereby 
diluting the sewer air and keeping it fresh. Disinfectants may be em- 
ployed in the sewers where the ventilation is not sufficient. 


SEWAGE DISPOSAL.* 

1920. Raw Sewage. — ^The turbid liquid which flows through the 
sewers is called raw sewage, and contains animal and vegetable organic 
matter as well as inorganic matter both in suspension and solution. A 
diemical analysis has to be made to determine the exact quantity and 
character of the organic and inorganic substances present. 

In the presence of air and moisture the organic matter is reduced to 
simpler inorganic compoimds and elements by a process of putrefaction. 
It is necessary to regulate properly this process since foul odors are given 
off, which, if not positively dangerous to human life, are, nevertheless, 
objectionable to a sufficient degree to be classed as a nuisance. 

The reduction process does not alter the amount of chlorine in the 
sewage. The following characteristics distinguish raw sewage from 
purified sewage: a large ammonia content, the absence of nitrates, the 
large amoimt of oxygen it will absorb, and the amount of matter in 
suspension. 

Bacteria. 

1921. The primary aim of every disposal scheme is to kill the bacteria 
which are dangerous to life, while avoiding the creation of a nuisance. 

1922. Raw sewage contains myriads of microscopic organisms called 
bacteria; several millions are often foxmd in a cubic centimeter. Their 
function seems to be to break down the complex organic matters in the 
sewage and with the aid of oxygen to form simple stable compounds and 
elements. These microscopic organisms are divided into three classes: 
aerobes, which can live and work only in a medium which is well supplied 
with oxygen, anaerobes, which live and work in a medium in which there 
is no oxygen, and facultative bacteria, which live and work in a medium 
in which oxygen is present but only in a small ratio to the other elements. 
Each of these three dasses consists of many types of bacteria and, as 
each type has its own mode of action, the successive steps in the reduction 
of the organic matter are extremely complicated. Each class works imder 

* Much of the material presented under Sewage Disposal is taken verbatim from 
Civil Engineering by Col. G. J. Piebeger. 
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conditions favorable to itself and extinguishes itself as a result of its own 
action in purifying the sewage. 

1923. Aerobic Action. — In general it may be said that if sewage is 
spread intermittently in a thin sheet over a porous soil, such as coarse 
sand, the pores of which are filled with air, the conditions are favorable for 
aerobic bacteria, and the work will be done principally by them. The 
same is true if the sewage is discharged into highly aerated water. The 
effect of these bacteria being to oxidize the nitrogen of the organic 
matter and produce nitrates, the process of reduction by aerobic 
bacteria is called nitrification. It is a process of reduction unaccom- 
panied by foul odors. To prepare sewage for aerobic action it is 
usually screened to remove sticks, paper, rags, and other material 
not easily reduced, and is also allowed to stand for a few hours in 
settling tanks to remove the coarser materials in suspension not re- 
moved by the screen, which would be liable to close the pores of the 
filtering material. 

1924. Anaerobic Action. — If sewage is allowed to stand in tanks or 
pools for any length of time, its oxygen is soon exhausted by the aerobes, 
and the conditions are then favorable for anaerobic action. The anae- 
robes break down the organic matter and form ammonia, nitrites, and 
release such gases as nitrogen, hydrogen, carbon dioxide, marsh gas, and 
sulphuretted hydrogen. As nearly all the vegetable and animal organic 
matter is liquefied by the anaerobes, the process is called liquefaction or 
hydrolysis. During the process of liquefaction foul odors are given off, 
and the sewage itself is usually in a foul condition and requires the action 
of the aerobic bacteria to complete its purification. 

1925. Process of Reduction. — ^The process of reduction or purification, 
to prevent a nuisance, is therefore usually effected by bacteria of all three 
varieties. If the sewage is screened and settled, the reduction, as ex- 
plained hereafter, may be effected almost wholly by aerobic bacteria, 
but the other varieties will be present in some stage of the process and 
will assist. If the sewage is kept in an open or closed tank for 24 hours, 
the aerobic bacteria will almost disappear, and the process in the tank 
will be almost wholly anaerobic. In preparing the sewage for anaerobic 
action it is not so necessary to strain it, nor is it necessary to first pass it 
through a settling tank. The anaerobic action must, however, always be 
followed by aerobic action. 

1926. Pathogenic Bacteria. — ^Bacteria may also be divided into the 
disease-producing bacteria and those that are not disease-producing. 
The principal varieties of the first class, or pathogenic bacteria, which 
may be found in sewage, are those of cholera, diarrhoea, dysentery, and 
typhoid fever. They are found in the discharge of patients who have 
these diseases. If sewage containing such bacteria is discharged into 
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any stream used as a water- or ice-supply, they at once become a men- 
ace to public health. 

Methods of Disposal. 

1927. Sewage, either in a raw state or after more or less screening 
and purification, may be disposed of by discharging it into a body of 
water, upon natural land, upon prepared land, or upon specially prepared 
filter beds. If the discharge is into fresh water, as is usually the case in 
inland cities, care must be taken not only to avoid a nuisance caused by 
too great a concentration of sewage or its deposition on the shores, but 
also to reduce the number of bacteria in it as much as possible, so that 
the pathogenic bacteria which may find access to it are destroyed. 

1928. Dilution.— If raw sewage is discharged into a body of water 
simply to weaken the sewage and thus render it inoffensive, it is said to 
be disposed of by dilution. 

No nuisance will be created if the raw sewage is discharged into a 
stream of moderate velocity whose dilution ratio, or the ratio of the 
volume of discharge of the stream to the sewage, is about forty. If the 
stream is a rapidly flowing mountain torrent, the factor may be reduced 
to twenty. These dilution ratios wiU vary somewhat with the character 
of the sewage. When sewage is discharged into still water, such as a lake, 
the discharge should not be concentrated at a single point, as it will 
then putrefy. Its distribution may be effected by discharging through 
a long conduit, laid in the bed of the lake, with outlets at intervals along it. 

1929. In very still water the mixed water and sewage is so rapidly 
purified by the process of sedimentation that the pollution of the water 
does not extend to a great distance from the sewer outlet. In running 
water the sedimentation is less rapid, and the pollution of the water is 
observed at a greater distance from the sewer outlet. The reduction of 
the organic matter is effected by bacteria and other organisms which are 
found in the sewage, in the water, and in the mud of the bed. In the 
process of reduction oxygen is extracted from the water to form the new 
compounds. As the organisms which effect the final change are aerobic, 
this process is stopped, and offensive decomposition begins whenever the 
oxygen in the water is too greatly reduced. It is for this reason that the 
discharge into still water should be distributed over a wide area, and 
that a stream which can purify a given voliune of sewage becomes foul 
when charged with a greater one. It explains why a torrent which is 
constantly aerated can have a smaller dilution ratio than a slow stream 
of equal volume. 

1930. The bacteria of the sewage are reduced largely by the process 
of sedimentation which carries them to the bottom with the suspended 
material. Other causes of purification are the lack of food and the un- 
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favorable surroundings in the clarified water. The reduction of the 
number of these organisms in still water is very great; tests have shown 
reductions from one million to one thousand per cubic centimeter in 
100'. In running streams bacteria must be carried to considerable 
distances, since it has been shown by experiments that the bacteria of 
typhoid fever may live twenty-four days even in ice-cold water. 

1931. From the above it would appear that raw sewage may be dis- 
posed of by dilution without creating a nuisance if the volume of run- 
ning water or the area of distribution in still water is sufficiently great. 
It wiU, however, always be more or less dangerous to discharge it into 
waters which may be used for water- and ice-supplies on account of the 
possible presence of pathogenic bacteria. As the volume of discharge 
of most inland streams is small, and as they are in addition likely to be 
used as water- and ice-supplies, efforts are being made everywhere to 
prevent the discharge of raw sewage into small fresh water streams or 
ponds without previous treatment to reduce the organic matter and the 
number of bacteria. 

1932. If the discharge is into salt water, which caimot be employed 
for domestic use unless it is distilled, no possible harm can be done 
except to marine life. The sewage, however, should be screened of all 
floating materials, and then be discharged below the surface into a 
current which will carry it away from the shores and prevent deposits 
which will be exposed at low tides. To prevent the latter it is often 
necessary to construct reservoirs to hold the sewage which reaches the 
outlet during flood tide, and discharge it only when the tide is at ebb. 
Such a reservoir is an element of the Boston sewerage system. The 
principal danger resulting from the discharge of raw sewage into salt 
water is the infection of oysters by pathogenic bacteria. Cases of 
infection thus propagated are of record. 

1933. Broad Irrigation. — ^Disposal by irrigation consists in applying 
screened sewage to the growing vegetation of a sewage farm. The 
greater part of the liquid is absorbed by the vegetation, and the re- 
mainder, after filtration through the soil, may be caught in subsoil drains 
and conveyed to the natural drainage streams of the cotmtry. The 
solids not removed by previous screening are absorbed by the soil in the 
same manner as manures and fertilizers applied to land. The main ob- 
jection to irrigation is the great extent of land required; about an acre 
is required for every 25 to 100 people who contribute to the sewage. 
The amoxmt of rainfall and the character and porosity of the soil have to 
be considered in determining the area required. This method of dis- 
posal is, however, extensively employed, especially in Europe. 

In level country the sewage may be conveyed in parallel troughs 
about 40' apart, raised slightly above the surface of the soil. From these 
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it overflows the ground, properly sloped, on either side, and the surplus 
is carried off in surface or subsoil drains midway between the troughs. 
Another method is to shape the ground in alternate ridges and furrows 
and let the sewage flow in the furrows. It thus reaches only the roots 
of the plants which grow on the ridges; subsoil drains may be placed 
beneath the ridges. As the nitrogen of the organic material must be 
reduced to nitrates before it can be absorbed by the plants, the bacterial ac- 
tion in irrigation must be wholly aerobic if it is desired to avoid foul odors. 
This necessitates a porous soil and the even distribution of the sewage; 
the formation of pools must be avoided. The sewage should be applied 
intermittently if the pores of the soil show any signs of becoming clogged. 

1934. Intermittent FUtration. — This is a modified form of irrigation 
in which the sewage is applied to the land, not for the purpose of utilizing 
the sewage for plants, W rather to purify as much sewage as possible 
per acre of land. The sewage is applied intermittently with the view of 
supporting as large a niunber of aerobic bacteria as possible and thus 
avoiding the expense of large irrigation farms. The land used for inter- 
mittent filtration requires more thorough underdrainage than that used 
for irrigation. The imderdrains assist in ventilating the soil. 

The sewage is usually prepared by screening and then by standing 
for a few hours in settling-basins. The land is divided into a nmnber of 
beds, soine of which are settling-basins and the others are purifjdng-beds. 
The sewage is first conveyed to the settling-basins, where the sludge is 
precipitated by gravity, and from them to the purifiers. From time to 
time the settling-basins are.emptied and the sludge dried by evaporation. 
When the sludge dries it is raked up and carted away to be burned, bmded, 
<»• otherwise disposed of. There should always be sufficient beds to 
allow each purifsfing-bed to rest dry some time after it is emptied. This 
process is extensively employed in this country in regions having a sandy 
or gravelly soil. 

1935. Sand Filters. — The natural soil may be replaced by specially 
constructed filter beds of sand and gravel or other material thoroughly 
underdrained. The area of such beds will naturally be less than the 
area of natural soil required for purification. The best results are ob- 
tained from filters built of sand, the action being to filter out all suspended 
matter and to cause the oxidation of the organic matter due to the bac- 
teria present in the sand bed. The effluent from the sand filter, if it is 
properly built and operated, is very clear and relatively pure. The 
intermittent action is obtained by using a flush tank as described in 
paragraph 1912. 

1936. Chemical Precipitation. — ^The suspended solids which remain 
after screening are often removed by precipitating them by some chemi- 
cal, as lime, copperas, or alum. The substances may be employed alone 



Sewerage ajto Sewage Disposal. 


601 


or with each other. The kind and the amount of the precipitate best 
suited to the sewage must be determined by analysis of the effluent. 

The chemicals are usually dissolved in water in a separate tank and 
then allowed to mix well with the sewage before the latter is admitted 
into the precipitation-tank. The process of precipitation may be inter- 
mittent or continuous. In the intermittent process there are three tanks, 
one being filled, one standing full, and the third being emptied. In 
the continuous tank the sewage charged with the precipitate flows slowly 
through the tank either in a horizontal or a vertical direction, depositing 
its sludge on the bottom. One of the favorite forms is the vertical, or 
Dortmund, tank. This is composed of two cylindrical concentric tubes 
of equal length, the diameter of the outer tube being about five times that 
of the inner. To the bottom of the outer tube is riveted an extension 
in the form of an inverted cone whose smaller end is equal to the diameter 
of the inner tube. The sewage, charged wdth precipitate, is admitted at 
the top of the inner tube, flows down to its bottom, where it is distributed 
by radial arms through the cross-section of the larger one. It then flows 
up through the outer tube and is discharged at - its top. The sludge 
sinks to the bottom and is collected at the bottom of the conical extension 
of the outer tube; from there it is discharged through a discharge pipe 
by gravity or by pumping. 

If water transportation is available, the sludge is usually received in 
closed boats and carried out to sea. Otherwise it must be discharged 
into settling-basins, where it is allowed to evaporate. When nearly 
dry it is molded into cakes and burned. 

The effluent of precipitation-tanks is clear liquid, but unless the process 
also removes the dissolved organic substances it is subject to further 
decomposition and cannot be discharged into streams without creating 
a nuisance. The effluent also usually contains a larger number of bac- 
teria than is considered safe for its discharge into streams which are 
employed as water- or ice-supplies. 

1937. Land Required. — The amoimt of land required for the above 
processes has been determined in England to be as follows: 



Soil 

Number 

of 

Acres 

Number 

of 

Persons 


r Stiff day 

1 

25 

Simple irrigation • 

X Loamy ^vel 

1 

100 

Simple intermittent filtration 

Sandy gravel 

1 

100 to 300 

Irrigation preceded by precipitation 

relay 

X Loamy gravel 

1 

1 

200 

400 

Intermittent filtration preceded by pre- 


500 to 600 

cipitation 

Sandy gravel 

1 

Intermittent filtration in specially pre- 
pared filters, preceded by precipita- 



2000 

tion and followed by irrigation 


1 
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1938. Contact Beds. — Contact beds are specially prepared filter beds 
arranged in series. They were first installed in England to replace a 
system of disposal by precipitation and irrigation which had proved 
unsatisfactory. 

The settling tanks, which were about 30' by 50', were converted into 
coarse contact beds by filling them to a depth of 3§' with burnt clay bal- 
last, or day burned and reduced to 1" fragments. It was drained by a 
6" xmderdrain to which were attached, at intervals of 3', parallel branches 
3" in diameter. The sewage was fed to the bed through a trough sup- 
ported above it. The fine contact beds were each about 20' by 40', 
and were filled to a depth of 3' by various combinations of materials 
screened to pass through a |" screen. These materials were burned 
clay, coke, gravel, and .different varieties of sand. The sewage was fed 
to these beds in the same manner as to the coarse ones. 

In operating the beds, screened sewage was first allowed to flow on a 
coarse bed, whose outlet was closed, until the bed was fiUed to within 
6" of the surface. The bed was then allowed to remain full for two hours. 
At the end of that time it was emptied, and the effluent was distributed 
slowly over one or more of the fine beds; this operation took about an 
hour. The effluent of the fine bed was sufficiently purified to admit its 
discharge into a stream which flowed by the sewage farm. The beds were 
allowed to stand empty for at least two hours before being again used. 
This allowed time to replace the oxygen necessary to the process. As a 
rule the interval between the filling of each coarse bed was eight hours. 

1939. Schedules, for use with contact beds, vary according to the 
design and rate of sewage flow, the time of resting depending upon the 
number of fillings. The following schedule may be assumed to illus- 
trate such a cycle with three fillings per day. Filling, 1.0 hour; contact, 
0.75 hour; emptying, 0.25 hour; resting, 6.0 hours; total cycle, 8.0 hours. 

While porous material like coke is the best for contact beds, e^ecially 
for fine ones, beds have been satisfactorily worked with broken stone, 
slag, coal, etc. In some of the more recent beds a series of three beds 
instead of two has been employed, coarse, medium, and fine; the effluent 
of such a series is purer than from a series of two. 

1940. Trickling filters. — As the oxidizing power of the contact bed is 
dependent upon an ample supply of atmospheric oxygen, absorbed 
mainly during the rest period, the purif 3 dng capacity of the bed is limited 
by this period. Furthermore, less than | of the cubic contents of the 
new bed is available for the storage of sewage during the standing full 
period and this space is gradually reduced by accumulations in the 
interstices of the ballast. The storage space is an important element 
governing the volume capacity of the contact bed. These limitations 
encouraged efforts to devise beds which would accomplish similar work 
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without being subject to such restrictions. The result was the trickling 
filter, similar in construction to the contact bed, except that it is not 
necessarily built within a water-tight tank. The filter material, usually 
about in size and from 5 ' to 10' deep, is placed upon a concrete slab 
with a system of drains through which the water can flow freely. The 
sewage is applied to the surface of the filter as uniformly as possible by 
sprinklers or other devices. It is usual to applj the sewage for a few 
minutes and then shut off for a short time, as 5 minutes dosing and 10 
minutes resting. 

This construction offers as large an absorption surface as the contact 
bed. The sewage does not stand quiescent in the bed but trickles very 
slowly over the stones and has ample opportunity to give up colloidal 
and dissolved substances to the bacterial jelly. The method of dosing 
is such that the bed may absorb oxygen continuously instead of during 
a brief period as in the contact bed; the danger of anaerobic conditions 
is thereby reduced. Experience has demonstrated that usually the 
trickling filters are self-cleansing, while the material of contact beds 
must be removed and cleaned occasionally. 

The theory of action is substantially the same in the two types of beds. 
The bacterial jelly coats the stones from top to bottom of a bed in mature 
condition and appears to perform its functions in relays, that at the top 
acting upon so much of the organic matter as its capacity will permit, 
that of the next stratum attacking the substances passing by the upper 
one or perhaps emitted from it only partly oxidized, and so on to the 
bottom, where oxidized sewage falls through the floor gratings into the 
underdrainage system. 

1941. Knowledge of the particular oi^nisms present, and of the work 
which each species does, is lacking, but it is certain that the processes 
are chiefly aerobic, for the failure of the air supply is quickly reflected 
in the inferior quality of the efliuent. It is common to attribute the 
changes to bacteria, which undoubtedly should have credit for much of 
it, but the presence of vast numbers of higher forms of life such as worms, 
varying in size from those almost microscopic to earth worms 2" or 3" 
long, leads to the conviction that bacteria are not the only organisms 
laboring to transform the putresdble organic matter into substances less 
likely to cause offense and illness. 

1942. Septic Tanks. — ^The septic tank is an open or closed tank in 
which raw sewage is allowed to stand for a period of about 24 hours for 
the purpose of liquefying its organic matter by anaerobic action. It 
differs from a settling tank only in the length of time the sewage remains 
in it. In this tank the sewage putrefies, such gases as hydrogen, nitro- 
gen, marsh gas, carbon dioxide, and hydrogen sulphide are given off, 
and ammonia is formed. A thick scum forms over the top of the tnnk 
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and the sludge is deposited in a fine powder. On account of its odors a 
septic tank creates a nuisance if placed near dwellings. 

^ Although the amount of sludge is less than in the simple settling tank 
and the tank therefore requires less frequent cleaning, the sludge pro- 
duced is of a more offensive character. 

The effluent of a septic tank usually requires further purification, to 
reduce the number of bacteria, by passing through filter beds like those 
of the contact system. Before it reaches the fine filters it is aerated by 
passing in a thin sheet over an aerating weir. The weir and beds pro- 
duce nitrification, which is the last stage of every system of sewage 
treatment. 

1943. Septic tanks have been introduced in this country where the 
factory wastes can be reduced only by anaerobic action, and where the 
soil is clayey and not suited to intermittent filtration. The tanks are 
either open or closed; the latter are best in very cold climates. The 
sewage is admitted some distance below the level of the liquid in the 
tank, and usually into a grit chamber separated from the main tank by 
a low wall over which the sewage flows. It is also withdrawn from the 
tank by a pipe tapping the tank some distance below the surface of the 
liquid. The most suitable rate of flow through the tank is determined 
by experiment. 

Difficulty has been experienced with the septic tank due to the fact 
that sedimentation and septic action are taking place in the same cham- 
ber, the greatest difficulties being caused by the evolved gases which 
have objectionable odors and also as they rise to the surface bring up 
sludge which contaminates the effluent. This led to the development of 
tanks in which the two processes take place in separate compartments. 
The most widely used tank of this type is one developed by Imhof, in 
which the sewage passes into a sedimentation chamber at the bottom of 
which is an inverted pyramid with an opening at the bottom which allows 
the sludge as it settles to pass into a sludge chamber below where its 
reduction takes place. 

1944. Aeration. — It has been foimd by experiment that if sewage 
containing sufficient oxygen is agitated the impurities form a flocculent 
sludge. Agitation is accomplished by compressed air which has the 
added advantage of increasing the oxygen content. The oxygen reduces 
the number of bacteria. As soon as the flocculent forms, the sewage is 
allowed to stand until it settles out forming a sludge at the bottom of 
the tank. It has been foimd that adding sludge to the fresh sewage 
helps the process. This method is now being developed. 

1945. Disinfection. — ^Where it is necessary to greatly reduce the nmn- 
ber of bacteria in an effluent before its discharge, it is disinfected with 
copper sulphate or some chlorine compound in a manner similar to that 
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described for a water supply. The disinfectants kill the bacteria in the 
effluent. 

1946. Disposal in the Absence of a Sewerage System. — When a 
building is supplied with running water, but is so situated as to make it 
impractical to connect it with some sewerage system, the liquid waste 
may be disposed of by one of the following methods: the tight cesspool, 
the leaching cesspool, or the septic tank. 

A cesspool is a masonry tank constructed undergroimd, into which 
the sewage drains. If there is danger of polluting a source of water 
supply the tight cesspool is used. It is constructed of masonry or con- 
crete, care being taken to make it wateMight to prevent leakage. It 
must be cleaned out periodically, care being especially taken to prevent 
it from becoming so full as to overflow. 

If the ground nearby is porous and there is no danger of polluting a 
source of water supply, the leaching cesspool will be more satisfactory. 
It is constructed of masonry or brick placed without cement. The solid 
matter is reduced to a sludge by septic action, the effluent seeping out 
into the surrounding ground. 

A more elaborate method of obtaining the same result is by the use 
of some form of septic tank. One form, which is easily constructed, is 
made of three or four large vitrified pipes set vertically in a single column 
on a concrete base. It is built below the surface of the ground in a pit 
and in appearance is similar to a deep catch-basin. The effluent is 
carried tluv)ugh a tile drain, with open joints, away from the tank. This 
distributes it over a larger area, thus aiding absorption by the soil. 

Care must be exercised with each of these methods to see that the 
effluent does not contaminate a source of water supply. 

For more detailed information see: 

Sewerage, Folwell 

Sewerage and Sewage Disposal, Metcalf and Eddy 
American Sewerage Practice, Metcalf and Eddy 
Sewer Construction, Ogden 
Elements of Sanitary Engineering, Merriman 


PROBLEMS. 

P. 1901. A city of 30,000 inhabitants is to construct a sewage disposal plant using 
intermittent ffltration on natural soil. The ground is sandy gravel and worth $160 
an acre. Would it be economical to include a precipitation plant costing $10,000 in 
the system? 

P. 1902. It is found that in a certain street 260' long, a combined sewer must be 18", 
while if separate sewers are used an 8" house sewer and a 12" storm sewer will do. All 
sewers must be at least 6' below the surface; the cellars are 15' deep. If excavation and 
backfill cost $0.70 per cu. yd. what would be the difference in cost of earthwork? 
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P. 1903. If a pipe is mailing 0.7 full what is the relation between its discharge, area 
of cross-section of stream, wetted perimeter, and velocity, as compared to these functions 
of the same pipe running full? 

P. 1904. A 24" sewer is to be laid at a grade of 1' in 1000'. What will be its dis- 
diarge and velocity when f full? 

P. 1905. A sewer is to carry 14,000 cu. ft. per hour running | full. If the velocity is 
to be between 2' and 2.5' per second what sized pipe is required? 

P. 1906. A 16" pipe runs only I full during dry weather. To what grade must it 
be laid in order that the velocity shall not fall below 2.5' per second? 



CHAPTER XX. 
RAILWAYS. 


2001. The first railways were plank tramways or wagon-ways which 
were used in England as early as the 16th century for the conveyance of 
coal from mines to shipping points. Subsequently a wooden flange 
was placed on each plank, to keep the flat wheels on the track. Later, 
as the wood was replaced by metal, the flanges were placed on the wheel 
as in our latest railway rolling stock. 

2002. The first motive power for railway vehicles was the draft ani- 
mal. The first high pressure steam locomotive was tried in 1804; but 
it was 1829 before satisfactory results were obtained, at which time a 
locomotive built by George and Robert Stephenson drew a train weigh- 
ing 13 tons 35 miles in 48 minutes along a portion of the Liverpool and 
Manchester track constructed under the direction of these same engineers. 

2003. After 1829, railways rapidly increased. However, no standard 
was maintained, and each company constructed trade and rolling equip- 
ment practically without regard to other companies. Even until quite 
recently a narrow gauge of 36" was not at all imcommon; butn ow the 
gauge of 4' 8§" is standard throughout the United States and almost the 
entire world. 

The United States leads the world in railways, having over 250,000 
miles in operation, which is more than one-third of the total in the world. 

LOCATION. 

2004. The steps in the location of a railway are the reconnaissance, . 
the preliminary survey, and the location survey. 

The reconnaissance is a hasty but careful examination of the possible 
routes between proposed termini, for the purpose of finding the best 
general route and for obtaining such approximate estimates of cost of 
construction and operation and amount of probable revenue as may be 
needed to aid in determining the whole broad question of whether or 
not to build. 

The preliminary survey consists in tracing on the ground the route or 
routes which seem best as a result of the reconnaissance. Along this 
route, levels and distances are measured so that grades may be known. 
This work is done hastily, but with a fair degree of accuracy. 
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The location survey is the final staking out on the ground of the actual 
center line of the proposed railway. In the preliminary survey straight 
lines only are used, but in the location survey the straight lines are 
connected by curves wherever a change in direction occurs. This work 
is done with care and precision. 

Thus it may be said that the reconnaissance determines the general 
route, the preliminary survey furnishes the data for planning the definite 
line, and the location survey marks this line on the ground. 

The whole operation of railway location is the securing of data for the 
design of the railway, the making of this design, and marking it on the 
ground. It is the most important and the most difficult branch of rail- 
way engineering. 

2005. Before the location work is started, the maximum grade and 
degree of curvature should be decided upon, so that in surveying the line 
the instrument men will know what their limitations are and will locate 
the line accordingly. When the level man finds the grade running 
steeper than the limiting grade, he will take a sufficient amount of side 
notes to determine the amount of excavation or filling that vrill be neces- 
sary to keep the grade within the prescribed limits; and if he finds the 
amount of excavation excessive he may have to call back the transit man 
and have the fine relocated. This should not happen frequently, as the 
transit man should know the maximum allowable angle of slope and 
should locate his line accordingly. 

Eeconnaisauce. 

2006. Maps. — ^The character of the reconnaissance depends very 
much on the length of the line and the territory within which the line 
lies. The first essential is the best map which may be obtained. 

A study of a contour map will show certain possible routes which join 
the proposed termini. One or more of these may be selected for further 
study as being the most feasible of the routes of reasonable directness. 
Prom such maps, the practicable grade may be approximately determined 
in ordinary country. This determines the possible ruling grade which 
is the maximum grade which is permissible in construction. The ruling 
grade often settles the question of the financial success of the railway, 
as it limits the weight of the trains which may be handled by one 
engine. 

The length of line and probable amount of curvature may be calcu- 
lated with some degree of accuracy, but the character of the material to 
be excavated is not known nor are the minor irregularities shown. Hiding 
over the route on a horse or driving with a car along the road, with side 
trips at various points, will sufficiently determine the respective char- 
acteristics of the routes so that a choice may be made from the map. 
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2007. If there is no contoured map available, the following suggestions 
will be helpful: 

a. A main ridge may be traced by following along between the heads 
of streams of adjoining main watersheds. 

b. Some sort of a ridge lies between the more or less parallel adjacent 
streams of the same watershed. 

c. When two streams flow in opposite directions, there will generally 
be a low saddle between their sources. This is especially true in mountain 
ranges. 

d. If the general course of a stream is straight, it probably has a rapid 
fall and fairly steep slopes on either side. If the course is very crooked 
with long radius curves, sometimes doubling back and seeming almost 
to run upstream for a distance, the stream slope is probably very flat, 
and the stream lies in a flat alluvial valley, whose width is probably con- 
siderably greater than the extreme width of the stream windings. If the 
course is fairly straight with sharp bends at intervals, it is probably 
running from bend to bend alongside fairly steep bluffs or hillsides. 

2008. Procedure. — ^With the best map obtainable, the engineer walks 
over the one or more routes that seem possible or probable and notes 
at various points along the streams where the line of the railway will 
lie with respect to those streams. He notes carefully the highest flood 
level, as the railway must not be below this level. He selects and 
notes possible crossings on the streams, estimating what structures must 
be built and what their size will be. He estimates, approximately, the 
number of cubic 3mrds of earth and rock per mile which must be moved 
in the grading, and assumes that a certain minimum grade may be used. 
From his notes he estimates what the line will cost within five or ten 
per cent. 

2009. Often, when a short line is imder consideration, no separate 
reconnaissance of the route is necessary. But a reconnaissance is made 
when the preliminary survey is undertaken, keeping a day or two ahead 
of the preliminary smvey. Notes will be made for the locating assistant 
who is to direct the detailed operations of the preliminary party so as to 
show him where to nm the preliminary line. It is better, however, to 
make a complete reconnaissance of even a very short line so that the 
reconnoitering engineer may be certain he has his line along the best 
route. 

2010. For the determination of directions in the field on this recon- 
naissance, the pocket prismatic compass is the most convenient instru- 
ment. The aids that may be useful on such a survey are maps, aneroid 
barometer, hand level or clinometer, pocket prismatic compass, and 
book of tables of cmves, grades, excavation, etc. 
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2011. If an airplane is available, photographs made from the airplane 
will aid very materially in determining many of the requirements of the 
reconnaissance. By placing barometer elevations on critical points on 
the photographs, it is possible to determine easily the route that would 
be preferable from consideration of topography only. 

2012. In detail, the reconnoitering engineer should note for each of 
the routes examined: 

а. The character of the territory, probable resources in timber, 
mineral, agricultural, and manufactured products, making some sort of 
estimate of the approximate business to be immediately developed and 
the future possibilities. 

б. The probable ruling grade that may be obtained, the length of the 
h'riA^ approximate total rise and fall, tot^ amount of curvature with the 
probable mmiTnum radius, and relative operating value consequent upon 
these characteristics. 

c. The probable amount of earth work and its classification into earth, 
loose rock, and solid rock; possible timber and rock supplies for ties 
and structiues; value of the land; number and length of the more im- 
portant bridges; and consequent probable cost of construction. 

2013. Importance. — ^The reconnaissance survey is the most important 
part of railway location; and, as already stated, railway location is prob- 
ably the most important item of railway engineering. Mistakes in the 
details of location can be remedied, naistakes in construction will eventu- 
ally be corrected, and mistakes in management and operation can be 
overcome by a new policy; but an error in selecting the route for a rail- 
way, if not discovered and corrected before construction, will not be 
rectified for many years, and it will sooner or later put the railway at a 
disadvantage with its competitors. The mistake may even be serious 
enough to handicap permanently the operation of the line. 

Preliminary Survey. 

2014. The preliminary survey, like a reconnaissance, should be a 
survey of an area and not merely a line, though the area is narrower and 
more definitely mapped than that in a reconnaissance. The two methods 
in general use will be briefly described. 

2015. Methods.— The first method consists in la3dng out a line as 
nearly as the engineer can judge where the final line will be, marking the 
line with stakes at such intervals, usually 200', as may raatti wise, turning 
such angles as noay be necessary, taking the elevations of the ground 
along the line at the stakes set, and at such other points as may be 
deemed wise, making a profile and map of the surveyed line, and from 
these and a knowledge of the material making a preliminary estimate of 
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the cost. At each stake a cross slope will be taken, or topography may 
be sketched in a note book with notes that the line should be so many 
feet to the right or left. 

2016. In the second method the line is mapped on sheets on which are 
written the elevations of the stations. These sheets are prepared in the 
field by the topographic party, consisting usually of three men. The 
topographic party with tape and hand level runs a line fairly close to the 
probable final line and takes measurements from which contours with fiive- 
foot intervals are plotted on these sheets. Measurements are taken on 
either side of the line for a distance sufficiently large to include the final 
located line. The final located line is plotted on these same sheets. 
For this second method, the transit and stadia may be used to advantage. 
In ordinary country, a stadia contour survey can be made and mapped 
in much less time and with much fewer men than the ordinary line and 
level survey. The profile of any line that may be drawn on the map by 
this method is not so nearly correct as the profile of the line obtained 
by the first method; but the profile furnished by the second method is 
likely to be as near the final location profile as in the preliminary line and 
level profile of the first method. 

2017. Estimate. — The preliminary survey furnishes more definite 
information concerning the following items for estimates, viz.: the 
amount and classification of earthwork, the bridges, culverts, road 
crossings, right of way, and those items depending on length of line, as 
track, telegraph, fencing, etc. 

The estimate will generally be made by miles. The probable kind 
and size of each bridge or culvert is noted on the profile; the height of the 
fill is also noted as it determines tbe dimensions of abutments and lengths 
, of culverts. Large bridges must be estimated separately. 

The estimate of earthwork will be subdivided into earth and rock 
excavation. It will again be subdivided into various t 3 T)es of cross- 
sections of different quantities or classes of rock. The computing of 
quantities is done by tables or diagrams. 

2018. Right of way is land, usually a strip about 100' wide, on which 
the track of the railway is centered. The cost of right of way depends 
on the value of the land taken and the damage done by the taking. In 
making preliminaiy estimates it is wise to figure on at least twice the 
market value for farm land; and in towns or cities the probable costs 
should be secured from real estate agents. 

The width of right of way depends on the track to be laid, whether 
single or double; on the depth of excavation or embankment; on 
the possibility of borrow pits within its width. Fences, buildings, 
and extra tracks must also be considered in determining the width 
required. 



612 


Cim. Engineering. 


The genea:^ width taken is 100'. The profile must be studied for varia- 
tions of this width, and an ample width purchased to allow for double- 
track construction; it will often cost more, later, to get a few extra feet 
of width than the whole original cost of the first width. 

Location Survey. 

2019. The important parts of the oflice work of location are the plan- 
ning of the line and the fixing of the grade on the profile. With the 
preliminary profile before him to show where the line should be, the chief 
of party picks out points on the preliminary map through which the 
located line should pass. In pencil, he draws straight lines which connect 
these points. Then with thread for straight line and templates of curves 
of various degrees he experiments with various lengths of straight lines, 
connected by cuiwes as few as possible and of as small a degree as possible, 
until he decides on an approximate location line. This he pencils in on 
the map. If he is not satisfied with the first location line, he may have 
its profile called off from the contour map and penciled in on the pre- 
liminary profile to note the possibilities of a change in line. A new grade 
line may be drawn in; and if necessary a further fitting of the line on the 
map may be made. 

'Tie-lmes from the preliminary line which has been run, in the field, 
to the finally selected location line are then scaled from the map and pre- 
pared for the field party. This is called the paper location. These 
notes are then used in the field in the actual work of marking the line on 
■file ground; this is called the field location. In staking out the center 
line, the straight lines are first determined and run to intersections with 
adjacent straight lines. These intersections determine the vertices of 
the curves which are then staked out as explained later. For location 
work a transit and 100' steel tape are usually employed, stakes are driven 
at every 100' point, and all stakes are carefully numbered consecutively 
and marked. The level party follows the transit party, secures eleva- 
tions and erects a substantial bench mark every 2000'. At each station 
the level party places grade stakes on the sides with elevations and 
directions as to cut or fill to guide the contractor in his work. 

2020. Curves. — A line of railway is made up of curved and straight 
lengths: the former are called curves and the latter tangents. Railroad 
curves are usually arcs of circles. They may be either simple, compound, 
or reverse. A simple curve is one with a constant radius. A compoimd 
curve is one composed of two or more simple curves of different radii 
curving in the same direction and having a common tangent at their 
point of meeting. A reverse curve is composed of two simple curves 
curving in opposite directions and having a common tangent at their 
point of meeting. The name is also commonly applied to two simple 
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curves curving in opposite directions and joined by a tangent shorter 
than the usual length of trains running on the line. 

A transition or easement curve is a compoimd curve, or spiral, used at 
the ends of a sharp curve to lead gradually from the tangent to the main 
curve. 

2021. A curve with a radius of less than 500' is commonly referred to 
by its radius ; thus, a curve with 250' radius is called a 250' curve. Curves 
with radii longer than 500' are usually designated by the number of 
degrees of arc that a chord 100' in length subtends at the center of the 
circle. Thus, a 3° curve means that a 100' chord subtends an angle of 
three degrees (3°) at the center of the circle. The number of subtending 
chords (total curvature divided by degree of curvature) multiplied by 
the length of each chord may be taJken as equal to the total length of the 
curve L. 

That is, = S (2021A) 

where ti> = central angle, D = degree of curvature, I = length of chord used. 

A 1° curve is considered as the basic curve and its elements are shown 
in tables for use in computing data for curves of other radii. Its radius 
is 5729.65' and a 100' chord of such a curve subtends 1® at the center of the 
circle. The corresponding functions or elements of any two curves are 
proportional to their radii and therefore those for a curve of 3° are found 
by dividing the corresponding elements of a 1° curve for the same central 
angle, by 3. This rule holds good as long as the, 100' chord and the 
subtended arc are not sensibly different in length. 

Nearly all railway curves have such long radii that it is impracticable 
to use the center in locating the curve. Therefore curves are laid out by 
use of instruments on the circumference in accordance with certain 
mathematical principles. The methods are discussed in the next few 
paragraphs. 

2022. The various parts of a curve are shown in Fig. 2023A. Moving 
in the direction FB H, FA is one tangent joined to LH, another tangent, 
by the curve AGL. The angle between FB extended, and jBH is called 
the external, or central, angle {<(>). B is the point of intersection, usually 
designated P. I. A is the point of curve (P. C.) . L is the point of tangent 
(P. T.). 0 is the center of the arc. AL is the long chord (C), KG is the 
middle ordinate (M), and BG is the external distance (£J). AB and BL 
are called the tangent distances (T). AO is the radius (r). The degree 
of curvature is D. 

The relations between the various angles and lines can be seen from the 
figure. Various formulas showing the relation of the different parts to 
one another are given in tables. 
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2023. The methods of laying out curves vary greatly, and each de- 
pends largely upon the local terrain. A few of the simplest are given 
below. Either the radius or the degree of curvature must be assumed 
before the points of tangency (points where the curve begins and ends) 
can be located. If the ground inclosed in the triangle ABL (Fig. 2023A) 
is clear and open, practically any curve can be run between the two 
tangents. Sometimes, however, there is some condition that determines 



where the curve shah lie and consequently what the radius of curvature 
wiU be. A common condition is that the point G in the curve is fixed by 
some local condition, thereby fixing definitely the length of the line BG 
(usually referred to as £^). 

Prom Mathematics, we know that 


E 

ex. sec i <t> 


(2023A) 


Given r and the distance AB and BL can be determined since 

T = r tan i <f> (2023B) 

The various related values are given in tables. 


2024. Problem. — What is the tangent distance of a 3° 10' curve whose central angle 
is 16° 26'? 

Solution. — Using equation 2023B: 

T tan (2023B) 

Substituting values of <f> 16° 26', and r = ^ ^gQg 4 

we obtain T =* 261.28' 


2025. Location of Points by Deflection.— The angle between a tangent 
to a curve at any point and a chord from that point to any other point 
of the curve, is'measured by one-half the arc between those points; it 
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is also equal to one^half the angle between the radii to those points. 
This is the basis for the laying out of a railway curve. Likewise, the 
angle between two chords intersecting on a point of the curve is measured 
by one-half of the intercepted arc or by one-haJf of the angle between 
the radii drawn to the ends of the intercepted arc. Fig. 2025A shows 
the above, namely: 

zTLa = i zLOct 
ZaLb = J zoOb 
Z hZjd = ^ z hOdf 



If La = 100', then by definition the ZlOa = degree of curvature 
and the Z TLa = § the degree of curvature. Likewise if the chord 
ah = 100', then the ZaDh = D and the Zalh = ^ D. bd is a sub- 
chord subtending the zbOd, and the ZbLd = ^ zbOd. Therefore if 
a transit is set up at the point L, the point a of the curve may be de- 
termined by measuring the proper chord from L in a direction La 
to a where z TLa = ^ z lOa. The point b may similarly be determined 
by measuring the proper chord length from a in direction ah' to b where 
Z TJJ) = i z L06. It is generally impracticable to locate all of a curve 
from any one point, on account of natural obstructions; therefore, the 
transit must often be moved up to a new station already established on 
the curve. But the same principles will apply and may be repeated 
indefinitely. The last point of curve is almost always less than 100' 
from the last regular station and must be laid off as a subchord. 


2026. Problem. — A 4° curve starts at station 63 + 10. The central angle is 18° 40'. 
Compute the deflections. 

Solution. — ^The first station point is 90' beyond the point of curve. The subchord 
90 

angle is therefore X 4° = 3°.6 = 3° 36'. The defiection from the tangent is one- 


half of this, or 1° 48'. The deflection for the P.T. is one-half of the total central angle, 
or 9° 20'. Subtracting 1° 48', we have 7° 32' which will allow for three deflections 


of 2° each and 1° 32' over, which will require a chord 


1°32' 


X 100 = 76.67'. 


The first 


2 ' 
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subchord is 90'; then three chords of 100'; then a final subchord of 76.67'. The de- 
flections may be tabulated as follows: 


Station 

Detection 

53+10 

0° 

54 

0° + 1° 48' = 1° 48' 

55 

1° 48' +2° =3° 48' 

56 

3° 48' +2° =6° 48' 

57 

5° 48' +2° =7° 48' 

57 + 76.67 

T 48' + 1° 32' = 9° 20' 


which is one-half of 18° 40' as it should be. 

2027. When difficulties of location require that the transit be set up 
at substations on the curve, the numerical work is calculated on pre- 
cisely the same principle, but is more involved and chances for errors are 
greater. The following method of work is as simple as any: Compute 
the deflections for all stations and substations as illustrated above; 
set up the transit at the P. C., and locate from it all stations that may 
be conveniently reached; move up the transit to a forward station, back- 
sight to a previous station with the plates set at the deflection angle for 
the station sighted at; plunge the telescope and sight at each of the 
forward stations with the deflection angle computed for that station. 

2028. Laying out a Curve with the Transit, P. I. being Inaccessible. — 
It may be necessary to make several changes of direction, as in Fig. 
2028A. The point B would be the P. I., but it is inaccessible. The line 
is run along AQRL, RL being the desired direction of the new tangent. 
The external angle is then equal to the sum of the deflection angles at 
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Q and R. In the triangle QRB, all the angles and the side QR are known. 
Solve the triangle for QB and RB. Find the tangent distances BL and 
BA as in paragraph 2023, and lay off from Q, QA equal to BA minus BQ; 
and from R the distance RL equal to BL minus BR. The points L and 
A thus located, are the P. T. and the P. C. respectively. The curve is 
then laid out as heretofore described. 
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2029. Laying out a Curve without a Transit, but by Offsets from Tan- 
gents. — (Fig. 2029A). Knowing the P. T., P. C., and r, calculate the 
tangent distances and offsets. The distance on the tangent LB from 
the P. T. to the perpendicular offset from the extremity of any arc, La, 
is equal to r sin L for the first station and r sin (nD) for any succeeding 



station (n being the number of the station from the P., T.); and any 
offset, as ya, from the tangent to the extremity of any arc is equal to 
r vers (nD). Having the tangent distances corresponding to the con- 
secutive chords for half of the curve and the offset for each, measure off 
the distances from the P. T. along the tangent and locate each by a peg; 
then at each peg lay off perpendicular to the tangent the corresponding 
offset from the column of offsets. This locates half of the curve. Go 
to the P. C. and locate the other half of the curve from that point. 

2030. Laying out a Curve without a Transit, by Middle Ordinates. — 
(Fig. 2030A). P. C., P. T., and r being known, assmne some short chord. 



C, whose ratio to the corresponding arc is practically unity. Using the 
equation sin ^ D' = ^ , find D', the angle that this chord subtends for 

the given radius. Then ^ the number of such chords in the curve 
to be laid out. 
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sabchord is 90'; then three chords of 100'; then a final subchord of 76.67'. The de- 
flections may be tabulated as follows: 


Station 

Deflection 

53+10 

0° 

64 

0° -t- 1° 48' = 1° 48' 

55 

1° 48' -t- 2° =3° 48' 

56 

3° 48' -1-2° =5° 48' 

57 

5° 48' -1-2° =7° 48' 

57 + 76,67 

7°48' -f 1°32' = 9° 20' 


which is one-half of 18° 40' as it should be. 

2027. When difficulties of location require that the transit be set up 
at substations on the curve, the numerical work is calculated on pre- 
cisely the same principle, but is more involved and chances for errors are 
greatCT. The following method of work is as simple as any: Compute 
the deflections for all stations and substations as illustrated above; 
set up the transit at the P. C., and locate from it all stations that may 
be conveniently reached; move up the transit to a forward station, back- 
sight to a previous station with the plates set at the deflection angle for 
the station sighted at; plunge the telescope and sight at each of the 
forward stations with the deflection angle computed for that station. 

2028. Laying out a Curve with the Transit, P. I. being Inaccessible. — 
It may be necessary to make several changes of direction, as in Fig. 
2028A. The point B would be the P. I., but it is inaccessible. The line 
is run along AQRL, RL being the desired direction of the new tangent. 
The external angle is then equal to the sum of the deflection angles at 
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Q and R. In the triangle QRB, all the angles and the side QR are known. 
&lve the triangle for QB and RB. Find the tangent distances BL and 
BA as in paragraph 2023, and lay off from Q, QA equal to BA minus BQ; 
and from R the distance RL equal to BL minus BR. The points L and 
A thus located are the P. T. and the P. C. respectively. The curve is 
then laid out as heretofore described. 
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2029. Laying out a Curve without a Transit, but by Offsets from Tan- 
gents. — (Fig. 2029A). Knowing the P. T., P. C., and r, calculate the 
tangent distances and offsets. The distance on the tangent LB from 
the P. T. to the perpendicular offset from the extremity of any arc, La, 
is equal to r sin Z) for the first station and r sin {nD) for any succeeding 



station (yi being the number of the station from the P. T.); and any 
offset, as ya, from the tangent to the extremity of any arc is equal to 
r vers {nD). Having the tangent distances coircsponding to the con- 
secutive chords for half of the curve and the offset for each, measure off 
the distances from the P. T. along the tangent and locate each by a peg; 
then at each peg lay off perpendicular to the tangent the correspon^ng 
offset from the column of offsets. This locates half of the curve. Go 
to the P. C. and locate the other half of the curve from that point. 

2030. Laying out a Curve without a Transit, by Middle Ordinates. — 
(Fig. 2030A). P. C., P. T., and r being known, assume some short chord. 



C, whose ratio to the corre^onding arc is practically unity. Using the 

Qf 

equation sin ^ D' = ^ , find D', the angle that this chord subtends for 

the given radius. Then ^ = 2V, the number of such chords in the curve 
to be laid out. 
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Lay off from P. T. toward center the distance Lg, equal to the offset 
corresponding to the chord C. Through g extend the line ga parallel 
to the tangent LB, and with the P. T. as a center strike an arc with a 
radius C. The intersection of these two lines is a point in the curve, a. 

Prom a, lay off a distance in the direction of the center, ah, equal to 
Lg. Extend the line Lh, and with a as a center strike an arc with C' as 
a radius. The intersection of Lh with this arc is at 6, another point in 
the curve. 

K N is a whole number, the P. C. will be one of the points found as 
above. If N is not a whole number, lay off the whole numbered stations 
as above until a station, e, is located, just beyond the P. C. Measure 
Ad and Ae. Find the offset corresponding to each of these chords, dd' 
and ee', from d and e lay off these offsets, outward from d and e along the 
directions dO and eO. The line d'e' should coincide with the new tangent 
and pass through A. This method is only applicable when 0 can be 
seen from all points of the curve. 

2031. Grades. — Grade lines or gradients are designated by the vertical 
change ia 100'. A grade rising of 2' in a horizontal distance of 100' is 
called a plus or ascending 2 per cent grade, commonly written +2.0 grade. 
Ascending and descending, on an original profile made for construction, 
refer to the direction in which the line advances. 

The grade is one of the most important considerations in railway 
location. This is evident from consideration of the tractive force of 
a locomotive, on different grades. 'The possible draw-bar pull of a loco- 
motive is dependent on the construction of the locomotive and on the 
adhesion of its driving wheels to the rails. Assuming that its cylinder 
power is properly designed, the possible draw-bar pull depends on the ad- 
hesion of the driving wheels to the rails and may be taken (Frye’s Hand- 
book) as one-fourth the total weight on the drivers. TTiis draw-bar 
pull must overcome the train resistance, which may be taken as 8 pounds 
per ton of total weight of entire train. (To start, the pull must be about 
22 pounds per ton.) On an ascending grade, the draw-bar pull to move the 
train must also overcome the additional weight, which is the total weight 
multiplied by the per cent of grade. Thus, on a level the draw-bar must 
pull 8 poimds per ton, on a 1 per cent grade it must pull 8 pounds plus 1 
per cent of 2000 pounds or a total of 28 pounds, on a 2 per cent grade it 
must pull 48 pounds. (This is deduced mathematically in paragraph 
2137.) It is thus seen that the amovmt of freight that can be hauled on 
a level is about 3| times that which can be hauled on a 1 per cent grade 
and about 6 times that which can be hauled on a 2 per cent grade. A 
grade of more than 2 per cent is practically prohibitive from an economic 
standpoint; and much expense in first cost is justifiable in order to de- 
crease the grade to 2 per cent or lower. 
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Any grade from a 0.0 per cent or level grade to a 0.4 per cent grade is 
called light; from a 0.4 per cent to 1.0 per cent moderate; from 1.0 to 
2.0 per cent heavy; and over 2.0 per cent very heavy. Eastern roads 
try to get grades of 0.3 per cent or under, while grades of 4 per cent are 
common in branch lines in the Rocky Mountains. Grades of 6 per cent 
exist and are operated on some mine and logging roads. The steepest 
trolley road grades are about 15 per cent. 


CONSTRUCTION. 

2032. The work of constructing a new railway line or of improving an 
old one is usually done by a contractor or contractors. When a railway 
company decides to build a new line, it advertises the estimated amount 
of work to be done, giving all information known of the character of the 
work as learned from the preliminary survey. Contractors make bids 
for this work, naming prices for each item as advertised by the railway 
company. Bids from all contractors are written, sealed, and mailed to 
the railway offices. These bids are opened on the day set for that pur- 
pose, as indicated in the advertisement, and- the contract is awarded. 
Of those contractors who are known to be reliable, the one bidding lowest 
for the entire work usually receives the contract. The contract, includ- 
ing specifications for all parts of the work, is then signed by the con- 
tractor and the railway company’s representatives. A date is set for 
the beginning of the work. 

2033. The roadbed is the support prepared for the track. It consists 
of the foundation and the ballast. The latter should be a material the 
consistency of which is not affected by water, and especially which does 
not become slippeiy when wet. Sand will do if nothing else can be had; 
gravel is better, and broken stone is best of aU. Cinders, shells, burnt 
day, and other materials are also used. The surface of the foundation 
on which the ballast rests is called the subgrade. The total amount of 
ballast is very great, a single track requiring about 3000 cubic yards of 
ballast per mile. 

2034. The cross-section of the roadbed must be decided upon before 
the level party starts on its work; the level party must know the dimen- 
sions of the roadbed for which the stakes are to be set. ' Figs. 2034A-D 
show the dimensions of standard-gauge roads. For any other gauge slopes 
will be the same, but the shoulders outside of the ties will be different. 
The difference will therefore be the difference in the gauge of the tracks, 
plus twice the amount that the shoulder can be reduced in width. In 
excavations, plenty of depth ^ould be allowed for ditches in order to 
insure a dry roadbed. 
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Fig. ^os4 A Roadbed Earth ballast 



Fig, 2034 B Roadbed Stone or Gravel ballast 
Straight line 



Fig. 2034 C Roadbed' Stone or Gravel ballast 
Curved line 



Fig, 2034 Z} Roadbed Stone or Gravel ballast 
Straight line -Double track 
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Track Materials. 

2035. Ties are made of various kinds of wood, steel and infrequently 
of concrete and reinforced concrete. The kind of wood used varies with 
the locality. Often the best local wood is used by the railways in prefer- 
ence to transporting more suitable wood from ^eat distances. Oak and 
creosoted pine are quite commonly used. Redwood and fir are largely 
used in the west and on the Pacific Coast while many soft woods as cedar 
and tamarack are also used. 

Wood Ties. — ^Wood, for ties, should be hard. It should hold a spike 
well, be fairly straight-grained and stand the weather well. The ordi- 
nary dimensions of wood ties are from 7' to 9' long, 6" thick, and 8" wide. 

Wood ties fail in one of three ways, through decay, railcuts, and spike 
wear. They fail most frequently by decay. The life of a tie depends 
on many things, but may be averaged at 8 years. 

The life of a tie may be lengthened by the use of metal plates, to 
protect it against being cut by the rail; by the use of screw spikes as 
they do not split the tie or cause it to “ spike wear ” so quickly; and by 
treatment with some preservative, creosote being the most effective but 
also the most expensive. 

Concrete and Reinforced Concrete Ties. — Concrete and reinforced 
concrete ties have been experimented with but have not as yet justified 
their expense. They are not resilient and are particularly subject to 
fracture when struck by a derailed ear. 



Z0S5 'A Carnegie Steel Tie 


Metal Ties. — (Fig. 2035A). Metal ties have been used for about 30 
years chiefly in Europe and very largely in Germany. Several railways 
in the United States have experimented with various forms of metal ties 
but their use has never passed the experimental stage. 

The Carnegie metal tie is probably the best known in America. So 
far it has not been possible to determine or estimate the life of these 
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metal ties and until this is done no real comparison as to their economy 
can be made with wood ties. 

The “ longitudinal ” tie shown in Fig. 2035B is a form of metal tie or 
rail support largely used in Germany. The track consists of the ties, 
the rail and the attachments of the latter to the former and to each other. 



“SYSTEM KOSTLIN U. BATTIG"- LONGITUDINAL 



Fig. 20S6 B 


2036. Rails. — Standard rails are 33' long and are designated by their 
weight per linear yard. Thus an 80 pound rail weighs 80 pounds per yard. 

For the very heaviest traffic, as in large city terminals, 110 pound 
rails are used; for main traffic lines 90 to 100 pound rails are laid; for 
light traffic 70 to 80 pound rails are satisfactory. 

The life of rails cannot be foreseen, as it depends upon the amount and 
distribution of the loads. Engines are supposed to cause about half the 
wear of the rails. Rails which would last for many years on an average 
track may be worn out very quickly m traffic when laid at the entrance 
to a busy s^ard; this is because there is more traffic at this place and be- 
cause a large part of this traffic is engine traffic. The life of a rail may 
be roughly stated as from 300,000 to 500,000 trains. AU things con- 
sidered, rails should last about ten years on trunk or main lines. In 
many cases, rails must be removed and replaced because of bent or 
battered ends before the expected wear has occurred. 

2037. Joints. — ^The ideal joint should have the same strength, stiffness 
and elasticity both vertically and horizontally as the rails joined by it. 
The joint must also permit longitudinal movement of the rail to allow 
for expansion and contraction due to changes of temperature. The 
allowance for expansion should be 0.0000065 of the length of the rail per 
degree Fahrenheit. The ends of the rails must be held in true surface 
under the passing wheels so that one or both ends may not be battered. 

There are two general types of joints used on American railways: (1) 
The angle bar; (2) the bridge joint. Of the first type there are several 
varieties as the ordinary angle bar (Pig. 2037A), the Bonzano (Pig. 
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The continuous (Fig. 

2037D) and the Weber (Fig. 2037E) are examples of the bridge type. 



fastening joints are oval under the head Bolt 
holes are punched oval in shape to fit the oval part of 

p^enting the bolt from turning when the nut is sarewed home ^Th^ 
diameter is or V ' and length fmm 3^'' to 5'^ TheTts S^^J^Z 
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hexagonal, generally square. A nut-lock similar to a lock washer holds 
the nut in place. Joints are placed opposite or staggered (alternate); 
the latter arrangement is most commonly used. 



CONTINUOUS RAIL JOINT. 

Pig S037 D 



WEBER RAIL JOINT 
Pig. Se037 S 



P'ig. S037 r 


Spikes hold the rails to the cross-ties. There are two forms: hook- 
headed spikes and screw ^ikes. Screw ^ikes are largely used in Europe 
but infrequently in America. The common spike is square by 5^" 
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long with a head which is hooked or overhung to catch the flange of the 
rail (Fig. 2037F.) 

Tie Plates are metal and are placed between the rail and the top of 
the tie. They lengthen the life of the tie by preventing the rails from 
cutting into the wood. Tie plates are made thick and 6" wide. 
(Fig. 2037G.) 



ClikW ud sbooldet tie pl«te 


Fig J90S7 G -Vaeious Fobms of Tib-flacts. 

Earthwork. 

2038. Cross-sections. — ^The ordinary forms of cross-sections are as 
shown in Figs. 2038A to F. In determining cross-sections, enough 
dimensions must be taken to define the line of the ground surface. There 



FiJ. £03S A 

are many different varieties of sections such as level, three-level, five-level, 
irregular, cut and fill, based upon the niunber of level points used in the 
section, the surface being assumed straight between these points. Com- 
pound sections are sections where materials of different classification 
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occur in the same section. The ordinary classifications of materials in 
a section are earth, loose rock, and solid rock. 



f038x!B Thr€>e Sectanm 



¥033 C Five Level 



%0B8 Jy. Irregular Section 



F\^, 9038 F Compound Seotion 


2039. Methods of Computation of Earthwork. — To compute the 
volume of earthwork between two parallel cross-sections, let Ai and As 
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be the end areas, the area of a section midway between the ends, I 
the length, and v the volume. 

(2039A) 
(2039B) 


By Average End Areas » = g (-^i + 

By Prismoidal Formulas » == I (Ai + 4 A*, + As) 

o 


2040. The areas of sections must be foimd in order to use the above 
formulas. Let b = base, he = center height, s = side slope (horizontal 
by vertical). Let K and hi be side heights, b, and bi be side distances. 
Then, 

(Fig. 2038A), For a level section A = he (b + s^e) 

(Fig. 2038B), For a three-level section A = § | (^ + hO •+ KQjr H- !>;) J 
(Fig. 2088C), For a five-level section A = \(hjb -|- -t- eibi) 


where e, and c; are the intermediate heights. Irregular sections are 
usually plotted on cross-section paper and their areas are determined 
by the planimeter. 

2041. Haul is usually computed as so many cubic yards hauled 100'. 
The average length of haul is the distance between the center of gravity 
of a mass of earth in cut and the center of gravity of the same mass after 
it has been deposited in fill. The distance, in feet, times the quantity 
hauled, gives the haul in units of cubic yards, hauled one foot. 



The Mass Diagram (see Fig. 2041A) gives the best means of 
measuring haul and of making studies of different schemes of haul and 
of excavating and filling. The figure represents a portion of a railway 
profile and its mass diagram which is plotted as follows: At station 0, 
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the ordinate to the curve of mass diagram is zero; at station 10, the 
ordinate represents the algebraic sum of cut and fill between station 0 
and station 10; at station 20, it represents the quantity from station 0 
to station 20; similarly, at any station the ordinate represents the alge- 
braic sum of all the quantities from station 0 up to that station, excava- 
tion being considered positive and embankment negative. In this mass 
diagram it is seen that from station 0 to station 28 the cut and fill balance 
each other, and that from station 0 to station 40, there is a little excess 
of cut. 

2042. Knowing the volume of each cut and fill, the number of cubic 
yards may be written on the profile below each, and from the resulting 
diagram the most economical direction of haul of the material can be 
determined. If a fill is so far from the adjacent cuts that the material 
cannot be economically m ade from these cuts, it is made from a borrow- 
pit which is secured in its vicinity; if the earth from a cut cannot be 
economically placed in one of the adjacent fiUs, it is placed in a spoil- 
bank on ground secured in its vicinity. 

Earth excavated from a cut will shrink in volume about 10 per cent 
when placed in an embankment which is thoroughly compressed. Rock 
excavated from a solid ledge will expand in volume about 50 per cent 
when placed in an embankment. The volume of the earth fills must 
therefore be increased 10 per cent and that of rock must be decreased 50 
per cent, in the diagram above described. In contract work the speci- 
fications should state the amoxmt of compression or expansion which is 
to be considered in computing volumes. 

2043. A study of the mass diagram brings out the following prop- 
erties: 

a. High and low points of the curve occur at the points of no cut and 
fill on the profile. 

h. Descending lines denote embankment; ascending lines denote 
excavation. 

c. The difference in length algebraically between any two ordinates 
is the measure of the excess of cut or fill between the stations at which 
the ordinates are drawn. 

d. Excavation equals embankment between any two points where 
a horizontal line intersects the mass diagram (as ab and cde). 

e. The area between a horizontal line and the curve of the mass diar 
gram is a measure of the haul between the two stations where the hori- 
zontal line cuts the diagram. 

2044. Execution of the Earthwork. — ^Having cleared the right of way 
of trees and brudi, the material of the cuts is loosened by plows, exca- 
vated by hand or by machinery, and moved to the fills in wheelbarrows. 
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drag-serapers, carts, wagons, wheeled scrapers, or dump-cars. Steam 
excavators are employed when the cut is deep. Barrows and drag- 
scrapers are employed when the material is to be moved less than 200'; 
carts, wagons, and wheeled scrapers when the material is to be moved 
less than 600'; cars are employed for removing the material more than 
600', especially if the amount is large. 

The side slopes of excavations are preferably 1 on 1; but in making 
deep excavations it is frequently advisable to vary this normal inclina- 
tion of the side slopes to meet local conditions. If very hard material is 
encoimtered, as gravelly soil, the inclination may be increased; if on the 
contrary loose sand or soft clayey earth is encountered, the inclination 
must be reduced. If it is necessary either on account of the cost or on 
account of encroachment on private property to maintain the material 
at a slope steeper than its natural slope, the side slope of a deep cut may 
be terraced by leaving horizontal benches a few feet wide at vertical 
distances of 10' or 12'; this will usually localize the sliding of the material 
of the slopes. The slopes may also be revetted, or supported by retain- 
ing-waUs on either side of the roadway. 

Track Laying. 

2045. Final Center Line. — As soon as the roadbed is completed, the 
transit party runs over the line and sets center stakes 100' apart on tan- 
gent and 50' apart on curves, and marks again the center of the track by 
tacks in the heads of the stakes. The road is then ready for the track 
laying gang. This center line must be accmate, as bridge and track 
work will begin simultaneously. 

2046. Track Laying. — The track la 3 dng party now follows, and the 
plans for all preceding work should be such that the track la 3 dng can 
go on continuously. The rapidity of track laying is governed by the 
rate of supply of material at the working point. This can be accelerated 
on sidetracks and on double-track work by unloading ties, rails, and 
other material directly from cars on the track alongside. 

On new work, however, the rails, ties, and aU other materials must 
be distributed along the line by the use of wagons or must be carried 
on a train and the track built ahead of the train, the ties and rails, etc., 
being imloaded and placed in position by laborers. 

2047. On ground that is fairly level and free from streams the 
method of distributing materials from wagons is the most rapid. The 
following example gives a working force and its distribution of labor 
which in actual work laid an average of 4.27 miles of track per day 
of 10 hours during the month of August. The force was distributed 
as follows: 
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I 

Hauling Ties 75 

Loading Ties 28 

Distributing Ties 10 

Spacing Ties 4 

Lining Ties 2 

Marking and Placing Joint Ties 4 

Unloading Flats and Loading Iron Cars 24 

Unloading Iron Cars and Placing Rails 13 

Hauling Rails 3 

Spikers 38 

Nippers 19 

Strappers 12 

Distributing Spikes 2 

Lining Track 8 

Total 242 men 


The ties were unloaded from the construction train, placed in wagons, 
hauled to the front; and then thrown into place, lined and spaced by 
the first 123 men in the above list. The rails were unloaded from the 
construction train on to small rail cars, hauled to the front and unloaded 
from these cars and placed on the ties by the next 40 men of the table. 
Rails were spiked to the ties, the bolts put in, and the track lined by the 
remainder of the crew. 

The method just described is the most rapid that can be followed, but 
is more expensive and therefore is not generally followed in commercial 
lines, in the second method, all the track material is carried on a train 
and distributed ahead of that train. The ties, rails, etc., can be carried 
by hand from the cars to their place on the roadbed, or use can be made 
of a track laying machine. 

Bridges. (See also the chapter on bridges.) 

2048. The loads which must be carried by railway bridges are very 
heavy, and a special design is usually required for each bridge. For 
wide and deep crossings, truss bridges are generally necessary. Suspen- 
sion bridges are unsatisfactory, principally because of lack of stiffness. 
In crossiog navigable streams, the requirements of navigation make 
necessary a long central span; this naturally makes it necessary to place 
the piers near the bank, which has one advantage in that the depth to 
a good foundation is usually less. 

2049. Standardization of railway bridges is usually impracticable 
because of the different lengths of spans and consequent different sizes 
of m^bers. It is not often practicable to make spans of standard 
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length for different bridges, the principal difficulty being the imprac- 
ticability of placing the piers at equal distances apart. However, some 
standardization is being obtained, even though it makes greater difficulty 
in building piers, as the advantages of standard sizes for repair and first 
construction render this system advisable in some cases. 

2050. . Trestle bridges are quite common in railway construction over 
shallow and dry ravines. They are easy to construct, and the expense 
is small. 

Quite often, a portion of a low trestle is replaced by an embankment, 
a procedure which is generally unsuitable with a bridge. While the rela- 
tive cost is very variable, depending on the local price of timber for the 
trestle, the proximity of a sufficient supply of available filling, and the 
methods to be employed, yet as an approximate figure it may be said 
that depths as great as 25' may be fi ll ed with earth as cheaply as a trestle 
can be reconstructed. In practice, howeveir, it is noted in addition that 
the average amount of timber required annually for repairs of trestles is 
about one-eighth the volume of timber in the trestles, also that the labor 
involved in maintenance of trestles is very great while it is almost in- 
significant for an embankment, so that the height at which it becomes 
economical to fill with earth instead of reconstructing the trestle in- 
creases until it may reach 50'. 


TRACK MAINTENANCE. 

2051. Constant attention is necessary to keep track in good condi- 
tion. Special care must be taken to keep all ditches and drains dear, 
and to deepen them rather than to allow them to grow shallow; to keep 
spikes and bolts tight, rails in line and grade, and the ends of ties solidly 
tamped; and to remove worn out or broken rails and ties. 

Tamping in maintenance is a slightly different operation from tamping 
new track, and other tools are used. The space to be tamped is that 
between the ties and a trough in the well packed ballast. The tie is 
nipped up, as in new work, and the tamping is tight tmder the rails and 
oidy snug at the middle. Surfacing will be required in the spring if the 
track is on dirt or gravel ballast, and in any kind of ballast if the drain- 
age is not good and the frost is deep. If there are especially bad spots 
on the section, they should be attended to first; otherwise, it is best to 
begin at one end and to work continuously to the other. Men are sent 
ahead to set up bolts, nip up ties, and set spikes, and, if necessary, to 
gauge the track so that when the surfacing gang follows it has nothing to 
do but line and tamp. With tamping bars, two men should .work on a 
tie opposite each other, striking simultaneously. 
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2052. To renew a tie, the spikes are drawn with a claw bar, material 
is dug out under the tie until it drops clear of the rail, a pick is struck in 
one end of the tie and it is drawn. The new tie is slipped in its place, 
^iked and tamped. 

To renew a rail, the new one is placed alongside the old one. The 
inside spikes are drawn, and when all is ready the old rail is slipped out 
and the new one is lifted into place, and spiked. 

2053. On military roads it is very important to have the most com- 
plete facilities quickly available for removing wrecks and repairing 
eactensive damage to bridges and track, such as would be the result of 
successful raiding expeditions. Civil roads have wrecking trains pre- 
pared to start at short notice. They are manned by regular employees 
taken from shops and' other places, the regular work being interrupted. 

Wrecking and repair trains are, in part, identical, but they differ 
enough to make it advisable to have one of each made up, loaded and 
manned ready to start at a moment’s notice. These trains should stand 
on a double Y, from which they can pull out on the main line, headed 
either way without delay. There should be one at each division ter- 
minus, and it should work half the length of a division in each direction. 
If the trouble is serious, a train may be sent from each side, but in any 
case a locomotive should be sent to the wreck from the side opposite the 
wrecking train. 


RAILWAY AUXILIARIES. 

2054. A complete railway requires many engineering works in addi- 
tion to the main line. These auxiliaries are necessary for the proper 
operation of a railway, and they are always included in the estimate of 
total cost of the railway construction. The most important of these 
auxiliaries are: 

Switches 

Yards and Terminals 

Structures 


Switches. 

2055. A device for connecting auxiliary tracks to main tracks or to 
each other is called a switch. It consists of several parts, which are 
shown and named in Pigs. 2055A and B. 

There are three general classes of switches: 

o. Stub switches, in which both main line rails are cut. 

6. Split or point switches, in which but one main, line rail is cut. 
c. Special switches, in which neither main line rail is cut. 
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The stub switch. Fig. 2055A, is the oldest and simplest fonn, but has 
disadvantages, especially for high speed traffic, which have caused its 
virtual exclusion from main line tocks. A train trailing the switch, — 
approaching from the direction of the frog, — must be derailed if the 
switch is misplaced, while trains from the other direction are likely to be 
derailed if the switch is not completely closed for either the main line or 



siding. The switch rails have one end spiked to the ties for a short 
distance and are straight when in the main line. When the switch is 
. thrown, these rails take a curve which assists in the change of direction. 
The deflected part is not spiked and has no support except what it re- 
ceives from the spiked ends and from the tie-rods (Fig. 2055A), of which 
there are usually four. 

The split switch (Fig. 2055B) has one rail of each track continuous 
and spiked. The moving rails when in position rest against and are 
supported by the continuous rails. K the rail section is heavy and the 
lead rails short, they are usually jointed at the point where the spiking 
ends. 



Special switches which leave both the main rails unbroken have the 
lead rails elevated above the naain rails at the point of crossing, enough 
to permit the wheels to pass over the latter without striking their flanges. 
Parts of the lead rails move laterally so as to join over the main rail or 
dear it entirely. 

Yards and Terminals. 

2056. A yard is a number of sidings and spurs, usually parallel to each 
other, although often not parallel to the main track. These auxiliary 
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tracks must be sufficient in number to permit the convenient and rapid 
breaking up of trains, classification of cars by contents, destination, or 
otherwise, and making them up into new trains in accordance with the 
new requirements. Yard tracks are divided into groups according to 
their purpose. A certain number near the main line at one end of the 
3^d are caned receiving tracks, and trains arriving pull in on them. In 
convenient proximity is a caboose track, where cabooses are stored when 
not in trains. A group of repair tracks are convenient to the shops, and 
the engine track leads to the engine house, near which should be the coal 
and watering stations and the ash-pit. 

All yard tracks except repair and team tracks should be open at both 
ends, so that all traffic over them may be in the same direction. This 
permits all traffic through the yard to be in one direction, which saves 
much confusion and delay. The standard method of arranging yard 
tracks for greatest convenience and compactness is by the use of ladder 
tracks (k’lg. 2056A), which are oblique tracks at the proper distance 
apart to accommodate the other tracks between them. Each receiving, 
distribution, and departure track connects with a ladder track at each ' 
end by an ordinary switch. The dead end of each spur track should be 
provided with a biunper to prevent cars running off. 



fig. SOS6 A Ladder track 


The train on the receiving track is broken up and its cars are switched 
onto the distribution tracks, selected so that the cars on each of these 
tracks will belong in the same outgoing train. There should be enough 
distribution tracks to permit the convenient classification of freight cars 
according to their contents and destination, and of passenger cars accord- 
ing to character, as baggage, express, coaches, tourist, and standard 
keepers. In most cases, outgoing trains are completed on the distribu- 
tion tracks and puUed from them onto the main track, when authorized 
by order to do so. It is better, when possible, to have a third group of 
tracks at the other end of the yard, which may be called the departure 
tracks. When a train is completed on a distribution track it may be 
pulled out onto a departure track, where a caboose and engine are added, 
the designated crew takes charge, and the train is ready, on receipt of 
orders, to pull out on the main line without delay and without crossing 
or interfering with any of the yard traffic. Departure tracks permit the 
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distribution tracks to be fewer and somewhat shorter. If there are 
departure tracks, they and the receiving tracks should be divided into 
two groups and designated for traffic in opposite directions. Trains 
which go through or return without change go direct from the receiving 
tracks to a distribution or departure track, the returning trains first 
going through a loop or Y to turn them around. 

2057. Gravity or “ Hump ” Yards are simply yards on a down grade 
in which the ears are started by a locomotive and then run by force of 
gravity to their desired position. Theoretically the movement of all 
cars through a 3 ?ard should be forward, but this condition would require 
a layout somewhat like Fig. 2057A. The lead A runs into a receiving 



Fig. 2057 A Conventionalised terminal layout 


yard B. The train is broken up and the cars are classified as to destina- 
tion, etc., on the tracks of the yard C. The cars are grouped into trains 
in yard D. The train is sorted and arranged in order, as required by 
regulations, in yards E and F and is then run out into yard G ready to 
proceed. Such a yard layout is not altogether practical, but an under- 
standing of the uses of each part of this layout may assist in planning 
other yards. 

2058. Freight will ustially go into storehouses or into compact piles 
at designated points for temporary cover, pending issue. Platforms 
will be used to the degree to which time and materials at hand permit; 
but the main reliance for discharging cars will be ramps (sloping board 
walks) of suitable form to lead from the car floor to the groimd, which 
should be provided in profusion and so distributed that it will be next to 
impossible to set out a car at a time or place where a ramp cannot be 
procured within easy carrying distance. 

Storehouses should be narrow and long enough to permit all the cars 
of a train to discharge simultaneously. If there are no houses, the 
ground on which the supplies are discharged should be of similar shape 
for the same purposes. 

2059. Storage Tracks. — The number and length of these tracks 
depend upon the importance of the station, the number of depot store- 
houses that may be located at that point, etc. A study of these items 
shows that each question must be dealt with as it arises; and, as it is 
impossible to tell how important a station may become at any future 
time, available track room will be left for additional loading platforms 
and storage tracks. In locating the storage tracks, room ^ould be left 
between the various tracks so that at least one and preferably two lines 
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of wagons can drive in and receive freight from cars on the storage 
tracks. 

Structures.- 

2060. Stations. — The number of stations, or sidings, that will be 
necessary depends upon the number of trains that will be run and the 
speed at which such trains can move. The distance between sidings 
will vary according to the grades, but having the profile in mind and 
knowing the speed of the locomotive in miles per hour for certain grades 
and loads, the distance apart of sidings can be determined approximately 
as follows: 

Let IV = the total number of trains necessary to pass over the line 
in a day; 

T = the time in hours necessary for a train to pass from any station 
to the next one, and return; 

Then if 24/3’ is less than N for any two stations, some measure must 
be taken to decrease this maximum value of T. This can be done by 
putting in an intermediate siding or by installing extra locomotives in 
places where they can assist in increasing the speed. The next alter- 
native is double tracking. Sidings should be spaced so that the time 
required for a tram to cover the interval both ways between all adjacent 
sidings will be approximately equal. Four miles is about the minimum 
allowable distance between sidings except imder very special conditions. 

The amoxmt of construction work that must be done at any station 
depends upon the location of the station, the number of buildings, and 
the length of auxiliary track that will be needed at that station to suit 
the local conditions. The questions of water supply and storage room 
at a station must be especially considered. 

The location of stations may be determined by any number of causes 
beyond the control of the locating engineer, but where such conditions 
do not fix the station, and the geography of the grotmd does not compel 
the location at any certain point, a study of the grades will be made and 
the stations located where there are no grades. The amount of siding, 
or passing tracks, that will be necessary at a station will have to be 
figured in each special case, and the minimum amount should be about 
two and one-half times the maximum train length contemplated on that 
division. The passing tracks are usually parallel to the main line. 

The station sites should be as level as practicable, and if possible so 
located that the 37ards can be seen from trains approaching from either 
direction. An open space should be left near the tracks to facilitate 
the loading and unloading, by allowing a systematic and orderly ar- 
rangement of loading vehicles in the immediate neighborhood of the 
station. 
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2061. Platforms. — On every train length of siding there should be a 
platform at least 12' wide and long enough to load three or four standard 
cars at one time. The tops of these platforms should be on a level with 
the bottoms of the ear floors, and the platforms should have ramps at 
both ends leading to the ground and one in the middle, if the other tracks 
permit. These platforms are particularly useful in loading and unload- 
ing animals and vehicles and facilitate the handling of freight. 

2062. Coal Stations. — The rapid and easy coaling of locomotives 
requires a gravity supply. This is obtained by raising the coal either 
by hoisting it into pockets or by running the coal cars up an incline and 
dumping the coal into bins. One coal station should be located in about 
60 to 70 miles of track and at division terminals. 

2063. Roundhouses. — At division terminals temporary roundhouses 
will be constructed, or storage tracks will be laid, for the proper cleaning 
and repairing of engines. A turntable is desirable at such points, but 
if the number of engines is not great and no roundhouse is available, a 
few parallel tracks and a Y (Fig. 2063A) for turning engines will answer 
the purpose of a roundhouse with a turntable. 



2064. BuUdings. — ^The buildings at the station may be constructed 
after the line has been finished. The railway ofiicial in charge at each 
station must see that there is sufficient storage room for all railway 
purposes, so that under the most adverse circumstances there will be no 
excuse for leaving material stored in cars. Buildings should be rented 
temporarily in emergency for this purpose when not enough are available. 

2065. Shops. — ^At division terminals there would also be located 
machine shops large enough to keep in repair all the locomotives that 
would be stabled in the roundhouse, and car repair shops large enough 
to make all necessary repairs to cars damaged on that division. 

For more detailed information see 
Railroad Construction, Webb 
Military Railways, Connor 
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PROBLEMS. 

P. 2001. What is the difference in length between a chord 100' and its corresponding 
arc on a T curve? 

P. 2002. Prove the principle of paragraph 2026. 

P. 2003. Prove the principles of paragraph 2028. 

P. 2004. Prove the prindples of paragraph 2029. 

P. 2005. Prove the principle of laying out a curve by middle ordinates. 

P. 2006. Show method of laying out curves by offsets from the long chords of the 
curve. 

P. 2007. Deduce an equation for the relation between the total possible weight of a 
train and the total weight on the driving wheels. 



CHAPTER XXI. 

HIGHWAYS. 

2101. A highway is an open way or passage for public travel, forming 
a communication between two places some distance apart. 

A path or track over which a person can travel on foot is the simplest 
form of highway. A line having been marked out or “ blazed '' between 
two places is soon beaten into a well defined path by constant use. A 
person traveling over a highway like this will find nothing but a beaten 
path on the surface of the ground, with few or no modifications of its 
surface, and generally with no conveniences for crossing the streams or 
rivers which intersect it. 

As the travel over a highway of this kind increases and beasts of 
burden begin to be used for packing the merchandise, baggage, etc., which 
are to be carried over the route, modifications and improvements of the 
path become necessary. For convenient passage of the animals, the 
path must be widened, the brush and undergrowth removed, temporary 
bridges constructed or means of ferriage provided for crossing streams 
of any considerable depth, and steep ascents and descents must be modi- 
fied and rendered practicable for the pack animals. The term " trail " 
is used to designate the original path and also the path when improved 
so that it can be used by pack animals. 

Since transportation by wheels is cheaper and more rapid than by 
pack animals, the next step will be to improve the road still further so 
that vehicles on wheels can pass over the route. This necessitates a 
still further widening of the trail, a further reduction of the slopes so as 
to render them practicable for carts and wagons, the providing of means 
to cross the streams where they cannot be forded, and the raising of the 
ground in those localities where it is likely to be overflowed. In this 
condition the trail is called a “ road.” 

As the travel over this kind of road increases, the wants and conve- 
niences of the community demand a further improvement of the road so 
that the time taken in going over it and the cost of transportation shall 
be reduced. This is effected by shortening the road where possible, by 
reducing still further the ascents and descents or by avoiding them, and 
by improving the surface of the road. The ultimate result of continued 
improvement is a paved road or city street. 
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2102. Definitions. — A street is a highway of a village or city designed 
for general use; an alley is a narrow highway designed for the use of the 
owners of abutting property. 

A road is a country highway which connects villages and towns. The 
roadway is that part of a highway designed for the use of vehicles. The 
sidewalks are the parts of a highway reserved for the use of pedestrians. 

A pavement is a layer of hard material placed on the surface of a road- 
way or sidewalk. The term is also applied to the block or sheet coverings 
forming the hard surface of the complete pavement. 

Gutters are shallow depressions along the sides of a street. They are 
usually paved to catch the surface drainage of the street and conduct 
it to the sewers. 

A ditch is a deep drain along the side of a road. It catches the drain- 
age of the road and of the adjoining lands which slope towards the road 
and conducts it to the nearest water course intersecting the road. 

A curb is a border of stone or concrete which supports one side of 
the pavement or gutter of a street and separates the roadway and 
sidewalk. 

The grade is the rate of rise or fall of the highway. It is usually in- 
dicated by its rise per himdred feet assuming the grade to be uniform for 
i<6is distance. A grade of 1/100 is called a 1 per cent grade; a grade of 
2/100, a 2 per cent grade, etc. 

A cross-section of a highway is the intersection of its surface by a plane 
normal to its center line. 

The crown is the rise in cross-section from side to center of the roadway. 

The profile is a longitudinal section of the highway, generally taken 
along the center line. It is the natural profile of the country over which 
the road passes, modified by cuts and fills to reduce the irregularities in 
the profile and the inclination of its slopes or grades. 

DESIGN. 

2103. The object to be obtained in the design of a highway is to pro- 
vide a hard surface, so constructed and supported that it will be durable 
imder the action of the traffic which it bears. In addition, it is also 
desirable that the highway be smooth without being slippery, noiseless, 
dustless, elastic without losing its shape, impervious to water, free from 
decaying substances, and well drained so as not to be seriously affected 
by freezing temperatures. 

2104. The design of a highway depends upon the requirements of the 
highway and the money available. Far example, a coimtry highway 
bearing a small number of animal-drawn vehicles would not have a 
paved surface or a specially prepared foundation, whereas a main hi^- 
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way having a large automobile traific must have a paved surface and a 
strong foundation. 

2105. Cross-section. — As a result of the different requirements of the 
highway and different amoimts of money available, there are many 
different designs of highways, as illustrated by the figures in this chapter. 
These designs shade into each other, each approaching the perfect high- 
way as closely as the money available will permit. Fig. 2105A shows an 
asphalt road and illustrates the important elements in a complete high- 
way. 



.?10S A Sheet Asphalt Boad 


Subgrade. 

2106. The subgrade is the base on which the road material rests. In 
case of an earth or a sand and^clay road, the subgrade is practically the 
same as the bearing surface of the road. 

2107. The subgrade must have sufficient bearing power. For an 
earth road the subgrade itself furnishes directly much of the bearing 
power, and it is easily seen that the bearing power must be quite strong 
so as to support the wheel load on the surface pressed by the wheel. For 
a road with large stones laid as foxmdation, the subgrade need not be so 
strong, as the bearing surface is large under each stone and also the 
several stones and surface materials are so placed as to transmit the load 
to several of these bearing surfaces at the same time. For a road with 
concrete as a foundation, the subgrade can be still weaker, as the load is 
transmitted over a still broader bearing surface. 

Drainage. 

2108. The paramoimt question to be dealt with in road design is tlie 
drainage, as this primarily affects the supporting power of the subgrade 
and hence of the entire road. The supporting power will be a maximum 
when the soil is sufficiently damp to compact well and yet not wet enough 
to 3deld considerably xmder the pressure. Theoretically, it is not desir- 
able to rerhove all the moisture from the soil, because if this is done it 
loses its compacting power, and any particles dislodged from cohesion 
to adjacent ones remain on the surface in a friable condition, refusing to 
reunite under pressure xmtil moisture is supplied. However in practice 
an effort is usually made to remove aU water and keep it removed. 

The water to be disposed of in connection with any road is: (1) that 
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which flows toward the road from adjacent slopes; (2) that which falls 
on the surface of the roadbed; (3) that which finds its way beneath the 
surface, commonly called ground water. 

The supporting power of the subgrade is inCTeased in two ways: first, 
by removing the surplus water and keeping it out; and second, by 
introducing rigid material, or a combination of materials, which will 
afford a proper bearing surface and so distribute the pressures as to 
reduce them below the supporting power of the wet soil. The applica- 
tion of methods involving one or both of these principles constitutes the 
bulk of road work, whether of construction or repairs. 

2109. Side Ditches. — Surface water flowing toward the road is inter- 
cepted and carried off by ditches along one or both sides of the road, 
according to the direction from which the surface water comes. If on 
a side hiU, the water is carried under the road — across it, in some cases — 
and discharged down the slope, preferably in a gully or a natural drain- 
age line. The best form of side ditch is shown in Fig. 2109A. Its ad- 
vantages are that it is favorable for a variable flow of water at relatively 
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Fig. 2109 Jt Wide and Flat Ditch 
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uniform velocity; that it does not fill up by caving or from the wash of 
earth from the road; that if a wagon is run into it accidentally or in an 
emergency no especial trouble follows; and that it furnishes earth to 
crown the road. This form is suited to a road which has ample width 
and is on good ground. If these conditions are reversed, the road nar- 
row, and the ground wet, a ditch of the form shown in Fig. 2109B will be 
better. It takes less space and is deeper. It will fill up more rapidly 
and will require more work to keep it open. The ditch in Fig. 2109A can 
be dug with scrapers and graders; that in Fig. 2109B must be dug with 
diovels. 




- 16 '- 13 ' 


Fig. 2109 B Ditch with Trapezoidal Section 




2110. Drainage of the road surface takes care of the water which 
falls on the roadbed itself and is effected by making the surface of the 
roadbed smooth and compact and giving it regular slopes longitudinally 
and laterally. Compacting or consolidation of the road surface reduces 
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the rate of absolution of water, and smooth regular slopes cause the rain- 
fall to run off promptly. Compacted earth absorbs water very slowly. 
By digging in a beaten road or footpath it will be found, even after a 
hard rain, that the ground is wet for a slight depth only: the surface 
stratum when wet seems to form an impervious coating which keeps the 
rest dry. If the surface is disturbed during the rain, as by traffic on a 
road, the protection of the surface stratum is lost, and the water pene- 
trates deeper. An earth road in constant use during wet weather will 
become muddy no matter how much attention is paid to drainage, but 
with proper drainage a road will not become muddy so soon, not stay 
muddy so long, nor will the mud get so deep. 

2111. The crown of an earth road shoiild be 9" for a road of an ordi- 
nary width of 18'. Theoretically the crown should increase with the 
grade, but this is a refinement unnecessary in practice. The con- 
venience in construction of a fixed crown outweighs any advantages of 
a variable crown. If the grade is so steep that water flows too far along 
the road, causing scour in the wheel ruts, it is better to build low ridges 
across the road at intervals to turn the water to the side than to attempt 
to produce the same effect by a greater crown. The ridges may be made 
wide and' fiat and high enough to be effective, and yet not so abrupt as 
to materially disturb traffic. 

The best distribution of the crown is to give f of it to the outside quar- 
ters and I to the inside quarters of the road. The resulting crown is 
nearly an arc of a circle. With inexperienced men it may be necessary 
to use a form for a crown, the form being simply a plank of the proper 
length and curvature provided with a convenient handle for manipula- 
tion. 

2112. Subdrainage is resorted to when it is desirable to lower the 
surface of the groimd water. By the ground water level, at any point, 
is meant the depth at which the soil becomes fully saturated. If it is 4' 
or more below the surface, it will not affect the condition of a road in 
good soil. Ground water rises in wet and falls in dry weather. It 
probably rises when the ground is frozen, regardless of the rainfall. 
Many roads have their surface broken by the freezing and expansion of 
the ground water. 

2113. Subdrainage is best accomplished by a very deep side ditch or 
by tile drains laid on one or both sides of the road under the side ditches 
(Fig. 2113A). The tile should be of the bell and spigot pattern, laid 
with open joints, the beU upgrade. As water flows along the outside of 
the pipe as well as on the inside, it diould be surrounded by porous 
material such as broken stone or gravel. 

Substitutes for the tile must often be used. The essential require- 
ment is a continuous conduit into which water may percolate through 
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the sides and along which it may flow with a relatively high velocity. 
Broken stone, plank or layers of fascines or brush will do much good. 
Any substitute form except a pipe or box tends to quickly choke up with 
fine silt washed into the interstices. This may be partly prevented by 
interposing a laya: of filtering material such as straw, turf, grain sacks, 
etc., between the material of the drain and the surrounding earth, espe- 
cially on the top. If turf is used, the grass side should be placed towards 
the drain. 



broken stone or gravel 

Tig. SI IS A Subdrainage 



If the road is wide, a drain under the center line will obviate the neces- 
sity of very deep side ditches or side drains (see Fig. 2113B). 

The ejq^ense of proper subdrainage is so great that it is rarely practi- 
cable. Except in very unfavorable soil, reliance is placed upon the side 
ditches and upon the strength of the surface to resist weight of vehicles 
above and action of frost below. 



Tig. siis B Subdrainage for wide road 


2114. Water-breaks. — Water-breaks are sm^l ditches or embank- 
ments which are constructed diagonally across an earth highway on steep 
grades, to prevent the water from running in the wheel ruts and thus 
eroding the surface. They are unnecessary on hard surfaced highways 
whose surfaces are properly crowned. Small cross-drains, covered by a 
grating and connected with the sewers or ditches, are sometimes con- 
structed across such highways on long grades to prevent the accumula- 
tion of too much water at the foot of the slope. 

2115. Culverts. — The term culvert is limited to spans of about 12': 
when the span exceeds 12', the structure is a bridge. The area of cross- 
section of a culvert should be sufficient to carry off the water which 
reaches it m the heaviest rain and when its drainage area is in condition 
to discharge this water most rapidly. 

The area of the cul-^rt will depend, therefore, on the maxiTminn rate 
of rainfall, the area of the drainage basin above the culvert, the slope 
of the basin, the condition of the soil as affecting the amount of water 
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which it will absorb in a unit of time, and the condition of its surface as 
interfering with the free flow of the water. 

2116. The solution of the problem cannot be accurate; reliance must 
be placed upon empirical formulas modified by good judgment. The 
one commonly employed is: 

Area of cross-section in square feet = fcVdrainage area in acres 

in which i: is a coefiicient whose value depends on the character of the 
surface: it is 1 for a flat country, 1.6 for a rolling country, and as high as 
4 for a mountainous coimtry. The flood height and the area of cross- 
section of a stream in time of flood can often be best determined by mak- 
ing inquiries of people living near it, or by a careful inspection of its banks 
and the culverts or bridges along its course. 

2117. For a veiy important culvert, whose failure to carry off the water 
promptly might cause serious damage, the following formula is used: 

Q = (2117A) 

in which, Q = cubic feet per second per acre reaching the culvert; 

C = coefficient dependent upon the amount of obstruction 
to flow, and varying from 0.75 for paved city streets 
to O.SO for the dimnage of gardens. 

V = maximum volume of rainfall in cubic feet per second 
per acre, which is approximately equivalent to the 
maximum rainfall in inches per hour. 

= slope of ground in feet per thousand feet. 

A = number of acres in the drainage area. 

To apply this formula, a contoured map of the drainage area is neces- 
sary. 

2118. Culverts should always be made in solid ground, and never in 
the made groimd of the fill. If constructed in made ground, they will 
be broken when the embankment settles. 

Small culverts up to about 2' span are usually made of glazed sewer- 
pipe or cast-iron water-pipe. To increase the capacity of the culvert, 
two or more of these pipes are laid side by side. 

Medium sized culverts are usually rectangular or box culverts or arch 
culverts. The box culvert is preferably made of dry or cemented stone 
walls, and is covered with slabs of stone. The bottom of the culvert is 
paved with stone, preferably laid in mortar. When stone is not available, 
box culverts are also made of beams and planks or of square timbers. 
When the span exceeds 4', there is placed a central vertical partition 
which divides the culvert into two channels, thereby ixiaking it possible 
to use smaller timbers. 
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Foundations. 

2119. The foundation is the base underlying the wearing surface. 
The object of the foundation is to support the wearing surface, and trans- 
mit and spread its load to the subgrade. 

2120. Earth, sand-clay and gravel roads have no separate foundations 
(Figs. 2120A and 2120B). There is some arch effect secured by the 
rolling or packing of the materials, but such roads will soon break down 
under heavy traffic. 


+1 2'0j|- 3'0 -lj^ 


le’- 18 ' 


•s-iiis 'm-nmnuiminis 

A 




Pig. sisOA Cross-section of Earth Road 




12 ' ‘ 16 * ' 18 ' 

crown about ^ 


t ^ 

about 8 * 

Fig. 21S0 B Cross-section of Gravel Road 


2121. Macadam roads have a separate foundation of large stones. 
Ordinary macadam has the stones placed with the smallest dimension 
vertical (Fig. 2121A). Telford macadam has the stones placed on edge, 
and fitted carefully by hand with the smallest dimension horizontal 
(Fig. 2121B). Telford macadam is more ejcpensive than ordinary 
macadam foundation. 




Fig. sisi B Cross-section of Telford-Macadam Road 


2122. Concrete foundations (Figi 2122A) are the best for all purposes. 
A layer of concrete is placed on the rolled subgrade. The vehicle load is 
transmitted by the concrete foundation to the subgrade and the weight 
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of the load is thus spread to a much broader subgrade support. Also, 
in case the subgrade is weak in places, the concrete in such places acts 
as slabs or beams and transmits the load to the firmer subgrade. 
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Surfaces. 

2123. The -wearing surface of highways has the double duty of lessen- 
ing resistance to vehicles and of preventing the penetration of water to 
the foundation and subgrade. 

2124. Earth, sand-clay, and gravel roads have not satisfactory sur- 
faces. The passage of vehicles forms ruts, due to lack of hardness of 
slurface, thus increasing the resistance to vehicles. The surface is not 
impermeable: and with ruts it is even less so, as water collects in the 
ruts and makes the surface still softer and the subgrade weaker. 

2126. Macadam roads have a surface consisting usually of smaller 
stone placed on the larger stone and rolled until packed and smooth. 
A suitable sand or sandy gravel is placed on the surface and rolled into 
the interstices between the small broken stone. This material is called 
a binder: it binds the surface together and renders it impermeable. 
Stone screenings from tihe crusher make the best binder. 

2126. Asphalt, brick, wood, and stone are the most commonly used 
materials for paved surfaces. Each is described fully in paragraphs 
2164 to 2172. The foundations for these surfaces may be of macadam, 
but are more generally of concrete. 

2127. A concrete surface is simply an extra thickness of the concrete 
foundation. The added thickness is not separate: but the total thick- 
ness is made suflScient for both foundation and wearing surface. This 
highway is in very general use. It is simple in construction, less expen- 
sive than many of the other hard surfaced highwa 3 ?s and generally satis- 
factory as a wearing surface. 

2128. Tar and gravel or tar and broken stone are often placed as 
sTorface material on the earth subgrade without any special foundation. 
This surface is impermeable until it is broken through by vehicles; and 
it has been foimd suitable for cheap roads bearing light traffic. Effort 
has been made to obtain a suitable surface by use of tar alone on an earth 
subgrade, but its supporting power is so small that it is immediately 
broken and becomes permeable, thus losing its only valuable quality. 
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LOCATION. 

Surveys. 

2129. General Considerations. — ^To detennine the best position of a 
road which is to connect any two points, it is essential as with railways 
to study the topography of the country between the points with the aid 
of topographical maps. 

If no maps are available, the routes which, from observation or inquiry, 
seem to be the most favorable must be carefully reconnoitered. This 
may be done with a sketching case, watch, and aneroid barometer. 
The selection of the routes to be examined is governed by the same general 
considerations as explained for location of a railway. 

The reconnaissance, preliminary survey, and location survey, are 
conducted essentially as already explained for railways. AJrplane 
photographs are even more useful in road work: with complete photo- 
graphs of the country and a few elevations, it is possible in some cases to 
lay out the road in almost its exact position for the locating party to place 
their stations on the ground. 

2130. Marking Adopted Line. — ^Having selected the best of the trial 
lines, it is staked out on the ground. With a transit and chain or stadia, 
the general line of the axis of the road is laid out upon the ground as a 
broken line, and a stake is driven at every 100' and at every angle. The 
elevations of the ground at these stakes and at the salient and reentrant 
points in the profile, above an assumed datrnn plane, are determined with 
a level. At every stake, and at intermediate points if the surface is very 
irregular, transverse profiles are taken of the entire right of way. 

2131. Curves. — ^The center line of the road consists of the straight 
lines or tangents, connected by curves usually circular. Sharp curves 



Fig. gist A Curve on Steep Grade 


on steep grades or at the foot of steep grades are not safe; good practice 
calls for a minimum radius of 300' or 400' for these cases. Right angle 
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turns even on level stretches are inconvenient and often dangerous. 
Where shaip curves occur on steep grades the roadway should be widened 
and the grade decreased so as to give space for vehicles to pass or stop 
(Fig. 2131A). Curves of opposite curvature should be separated by a 
straight stretch or tangent at least 60' in length. 

Steep grades, sharp curves, and knolls that obstruct the view ahead 
should be avoided in the interest of safety. There should always be a 
dear view ahead of at least 250' and if a curve exists on a hill, the grade 
should be flattened around the curve so as to permit a quick stop in case 
of emergency. In the case of a short and sharp curve in a deep cut, the 
high bank on the inner side of the curve is cut away, if possible, to allow 
a view of approaching traffic. On automobile roads, the curves have 
great radii and consequently little cutting of the inner bank is necessary. 

2132. The rules governing curves on the French highwa 5 ^ are: 

a. Make the radius of curvature at least 100' if possible. 

h. Avoid sharp curves on steep roads. 

c. Separate curves of opposite curvature by a straight track at least 
60' long. 

2133. The profile is plotted on cross-section paper to convenient scales. 
In order to naagnify the irregularities, the vertical scale is about ten times 
the horizontal scale. The transverse profiles are plotted either above or 
below their actual positions on the profile as shown in Fig. 2133A. From 
a study of the plan and profiles it is possible to determine what changes 
should be made in the position of the axis of the road in plan. 
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Grades. 

2134. The maximum permissible grade is that which can be allowed 
without making it necessary to reduce the ordinary size of load hauled 
over the road. Since the automobiles and ixucks in general use have 
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sufficient power to take them up any firm surfaced grade that has here- 
tofore been considered suitable for horse traffic, it is evident that teams 
for heavy hauling still govern the selection of maximum grade on roads 
where there is horse-drawn traffic. This grade will depend on the trac- 
tive power of the horse and on the load and resistance of the vehicle 
which he draws. 

2135. Tractive Power of a Horse.— The tractive power exerted by a 
horse at any moment is approximately measured by the tensile stress 
in the traces. The working tractive power is that which he can exert 
throughout a working day when he moves at a walk on a level road. 
This is now generally assumed as 120 pounds for a horse weighing 1000 
poimds, or as about one-eighth his weight.* His maximum tractive 
power, which he can exert for a few moments, is at least twice his working 
tractive power and is equal to about one-fourth his weight. 

The amount of daily useful work performed by a horse is the product 
of the tractive power by the distance over which he exerts this power. 
It is generally assumed that a horse can, without undue fatigue, walk 20 
miles a day on a good level road, and at the same time pull a wagon whose 
constant resistance is 120 pounds. This is equivalent to 12,672,000 foot 
pounds of work. The normal horsepower employed in Mechanics is 
based on a horse whose tractive power is 150 pounds moving at the rate 
of 2^ miles per hour, or 15,840,000 foot poimds per day of eight hours. 

The maximum tractive power of a horse on a slope is less than on a 
level; the action of his weight is inclined to the surface; this reduces the 
friction of his shoes and also reduces his pulling effect. Also, since part 
of his muscular effort is expended in raising his own weight and that 
of the loaded vehicle, he has less strength in daily useful work than on a 
level road. 

2136. Tractive Resistance of VeMcles. — The tractive resistance of 
a vehicle on a level surface equals the force which must be applied to 
the vehicle, parallel to the surface upon which it rests, to move it at a 
uniform rate of speed. This resistance is due to the frictional resistance 
between the axles and hubs, and the resistance of the circiunference of 
the wheels caused by irregularities in the road. The total resistance 
may be expressed by the formula: 

R = yW^^ (2136A) 

in which, R = total resistance in pounds. 

n = coefficient of friction of surfaces of axle and hub. 

W = weight on wheels (weight of vehicle and load). 
k = a, coefficient dependent on character of road surface. 
r = radius of wheel. 

* Recent experiments (1924) at Iowa State College give a lii ghpr value. 
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The term ijW represents the resistance of the axle, and Wft/Vr repre- 
sents the resistance due to irregularities in the surface of the road. Both 
are determined by experiments and hence the formula which is the 
result of these experiments may be given in the general form 

R = nW (2136B) 

in which, R = total resistance in pounds. 

W = total weight of vehicle and load in pounds. 

M = coefficient dependent on the character of the road 
surface and speed. 


Extensive experiments over a period of years give the following results 
for the average animal-drawn vehicle moving at 2| miles per hour: 


Surface 

Tractive rolling 
resistance in 
pounds per ton 
of 2000 pounds 

Calculated value 
of fi 

Steel railway 

8 

.004 

Steel tramway 

16 

.008 

Sheet asphalt i 

20 

.010 

Concrete i 

22 

.011 

Brick 

25 

.012 

Stone blocks 

44 

.022 

Macadam 

50 

.025 

Gravel road 

90 

.045 

Earth road 

100 

.050 

Loose gravel 

148 

.074 

Loose sand 

320 

.160 


Recent experiments (1924) at Iowa State College, on gravel, con- 
crete, wood block, and asphalt roads, give somewhat smaller rolling 
resistances (10 per cent to 40 per cent) for motor vehicles moving at the 
same speed. 

Assuming the working tractive power of the horse at 120 pounds, he 
can, on a level, pull with equal ease, if he can secure a good foothold: 


15 

tons 

on a railway 

7.5 

ti 


a tramway 

6 

t( 


sheet asphalt 

5.4 

tc 

(t 

concrete 

4.9 

ts 

tt 

brick pavement 

2.7 

(( 

ti 

stone block pavement 

2.4 

it 

it 

a macadam road 

1.3 

({ 

it 

a gravel road 

1.2 

te 

it 

an earth road 

.8 

tc 

it 

loose gravel 

.4 

tc 

it 

loose sand 




652 


Civil Engineering. 


The resistance is not altogether independent of the speed, but it is 
usually so taken. Also, it is to be noted that the above values are for 
rolling pull. The resistance to starting of animal-drawn vehicles, as 
shown by the Iowa State College experiments, varies from 6 to 10 times 
that of rolling. There are no suitable data available as to comparative 
resistance of starting and rolling of motor vehicles. 

2137. In pulling a vehicle up a grade, the tractive force applied must 
overcome the same resistances as on a level, and in addition must also 
overcome the component of the weight of the vehicle parallel to the slope. 
The total tractive force must therefore be (Pig. 2137A), 

T = nW cos -1- PF sin <j> (2137A) 


w 



in which 4> is the angle of inclination of the slope. Since this angle is 
never very large, we assume cos <f> equal to unity, and sin ^ equal to tan 4> 
or equal to k/l, in which h is the rise and I is the horizontal length of the 
slope. Making these substitutions, we have 

T = mW + ^ (2137B) 

The value of Wh/l, the tractive resistance due to the slope alone, is 
independent of the surface of the road and varies directly with the weight 
of the vehicle and the inclination, h/l. We have therefore the following 
table: 

Resistance per Ton (2000 pounds) of Load due to Grade: 


1 per cent grade . . , 

. . 20 pounds 

6 per cent grade. . . 

. .120 pounds 


..40 “ 

rj tt tt tt 

-.140 “ 

g tt 

..60 “ 

g tt tt tt 

-.160 “ 

4 

..80 “ 

Q tt tt ft 

-.180 “ 

g tt tt tt 

..100 “ 

10 

. .200 “ 


These resistances are added to those given in the previous table, to 
determine the total tractive resistance of a vehicle which is being pulled 
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up a slope. It is seen that the relative effect of a slope is greater on a 
good road than on a poor one. Thus on a hard asphalt pavement the 
total resistance on a 2 per cent grade is 200 per cent greater than on the 
level, while on an earth road with the same grade the total resistance is 
only two-fifths greater than on the level. Therefore, it is more important 
to reduce the grades on good road surfaces than on poor ones. 

2138. In moving down the slope, the force ITfe/Z acts in the same 
direction as T, and the expression for T becomes 

T = vW (2138A) 


If yW = Wh/l, then T reduces to zero. Therefore, in moving down a 
slope whose inclination, h/l, is equal to the coefficient /i, no tractive force 
will be required. 

If the road has a macadam surface, for which m is equal to 1/40, no 
tractive force is required to pull a load down a slope of 1/40,- and a trac- 
tive force twice that required to pull a load on the level will be required 
to pull the load up this slope. For these reasons, a slope of 1/40 is con- 
sidered the ideal maximum grade of a macadam road for animal-drawn 
vehicles. For motor vehicles the ideal maximum grade is slightly less. 
Similar slopes can be obtained for other surfaces. 

2139. Maximum Grades. — In road construction it is necessary to fix 
the maximum and minimum grades in the profile. On account of the 
expense of construction it is impossible to adopt the ideal grade as the 
maximum grade. 

A grade of 5 per cent corresponds to the ideal grade of a smooth earth 
surface. Grades of 8 per cent and 10 per cent are not infrequently 
encountered on earth roads and do not necessitate reducing the size of 
loads hauled. As a matter of practice many highway engineers take 
6 per cent as the maximum grade to be obtained, permitting steeper 
grades in rare instances only when topographical conditions necessitate. 

2140. Ruling and Average Grades. — In determining grades on long 
sections of roads in rolling cormtry, there will be many small hills where 
the maximum may easily be obtained by little work. However, it is 
evidently foolish to spend money to make a slight reduction in grade on 
one small hill when near it is another large hill which cannot economically 
be reduced below the original grade of the first. It is good practice to 
select some maximum grade for all hills, and to reduce these only when 
the expense is justified. 

2141. Minimum Grades. — The minimum grade in the profile is that 
which will permit satisfactory drainage. However, a road need have 
■ no slope at all, if it is constructed with a proper ax)wn and its surface is 
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properly maintained, because the slope from the crown to the side ditches 
insures drainage for the surface of the road. 

2142. Undulating Roads.— When roads are in rolling country, many 
■slight grades are encountered, and as a general rule no real economy 
results from removing them or reducing them. Ejcperiments have shown 
that with an automobile the travel down hill compensates somewhat for 
the travel up hill. Even with a horse, the experiments show that there 
is a compensation by reason of the rest to the muscles while traveling 
down hill. 

Widths. 

2143. Roads constructed for horse-drawn vehicle traffic can be made 
narrower than those which are subjected to both horse-drawn and motor 
traffic. In the former case a width of 14' to 16' gives sufficient clearance 
between two passing teains; but motor vehicles require greater widths. 
This is due not only to greater width of vehicles, the width outside to 
outside of the average touring ear being about 6', and of large motor 
trucks as much as 8'; but is due also to the need of a wider road in order 
to allow the machines to pass each other at a fair rate of speed, with the 
proper clearance, and still keep on the improved surface. Many instances 
have been observed where a 14' width of macadam has not been sufficient 
to prevent the automobiles in passing each other from moving off the 
edge of the macadam, on to the earth shoulder of the road, so that ulti- 
mately the edge of the road has been broken down. For main interstate 
and intrastate highways a width of improved surface of 20' would prob- 
ably be none too great, while a width of 14' to 16' would be ample for 
those roads which act as feeders to the classes just mentioned, the smaller 
width to be used only in case of a very light traffic. 

2144. In France the width of the carriageway is fixed by an order of 
the Royal Council dated in 1776. This order divided the public high- 
wasrs into four classes and fixed the vridth of roadway of each. 

'Ihe first class comprised the great roads which connect Paris with the 
principal cities, ports, and industrial centers. These are called the 
national highways (routes' nationales). The second comprised the roads 
which connect the principal provinces, cities, ports, etc., with each other. 
These are called departmental roads (routes d6partmentales). The 
third and fourth classes comprised the roads which connect the towns of 
one province with those of an adjacent one, and also the roads which 
connect the towns and villages of each province. These are called the 
local roads (chemins vicinaux). 

Exclusive of the width of ditches and side slopes, the width of first- 
class roads was fixed at 45', the second at 38', the third at 32', and the 
fourth at 25'. The roads consist of a central paved strip between 
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unpaved strips. The normal width of the different parts, as actually 
constructed, is given in the following table: 



Macadam 

Each Unpaved 
Strip 

Total 

National liigliways 

16.4' to 22.9' 
13.1' to 16.4' 

9.8' to 16.4' 

8.2' to 11.5' 

4.9' to 8.2' 

4.9' to 6.5' 

32.8' to 45.9' 
26.2' to 32.8' 
19.6' to 26.2' 

Departmental highways . . . 
Local roads 



2145. There are no standard widths of roads or of cross-sections in 
the United States. The Bureau of Roads, Department of Agriculture, 
is in charge of the disbursement of the Federal appropriations by which 
each state is aided by funds appropriated by the National Govern- 
ment. The usual widths and cross-sections required by the Bureau of 
Roads are: 

20' and over for earth, sand-clay, and feather-edge gravel. 

16' to 18' for gravel, macadam, brick, asphalt, and bituminous con- 
crete. 

16'-18'-20' for plain concrete and reinforced concrete. 

On special roads these widths are exceeded. For example, the New York 
State reinforced concrete road from Albany to Schenectady has a paved 
width of 24'. 

2146. The Bureau of Roads has planned a complete system of national 
highways crossing the United States, and certain other national highways 
connecting principal cities and industrial centers. The most important 
are: 

o. Lincoln Highway, from New York to San Francisco, via Phila- 
delphia, Pittsburgh, South Bend, Chicago Heights, Omaha, Cheyenne, 
Salt Lake City, and Sacramento. 

6. Roosevelt National Highway, from Washington to Los Angeles 
via Charlottesville, Lexington, Louisville, St. Louis, Kansas City, Denver, 
Salt Lake City, and Tonopah. 

c. Dixie Highway, east division, from Detroit to Miami via Dayton, 
Cincinnati, Knoxville, Augusta, Savaimah, Jacksonville, and Palm 
Beach. 

d. Dixie Highway, west division, from Chicago to Tampa via In- 
dianapolis, Louisville, Nashville, Chattanooga, Atlanta, Macon, and 
Tallahassee. 

Many parts of each of these highways are paved and all parts are kept 
in good condition for travel throughout all seasons. 
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CONSTRUCTION AND MAINTENANCE. 

2147. Laying out the line, placing pegs to mark the limits of cuts and 
fills, and execution of the earthwork are in all essential particulars the 
same as in railway work. Less accuracy is required, curves are often 
marked by eye without the aid of instruments; slopes are not so accu- 
rately determined; fills on side slopes need not be so carefully constructed. 

2148. On the other hand, the subgrade must be more carefully pre- 
pared. In railway construction, it is sufficient to provide for drainage, 
and then to place the ballast after some or no rolling. With roads, the 
subgrade is carefully cleared of all unsuitable materials and then rolled 
thoroughly so that the foundation will have a hard and compact earth 
support. 

2149. Macadam Roads. — (Fig. 2149A). The construction of a mac- 
adam road is described in detail, to show the general system of construc- 
tion of paved roads. 


1^ 


1 

crown 36 

3" 

■A 'i III 


16'— 18' 


3 " size of stone s to 1,2 







aizo of stone 
V'to 3" 


Fig. SliS A Cross-sectlOB of Macadam Road 


A trench is first excavated to hold the broken stone. The bottom of 
the trench is rolled with the heaviest roller obtainable and all its soft 
places are filled with sandy earth or ashes. The subgrade after being 
thoroughly rolled should be parallel to the finished surface of the road, 
and at the proper distance below it. 

The surface of the trench is then graded to a lateral slope of about s’,,. 
As sand, sandy earth, or any other soft and dry material makes the best 
subgrade for a road, the broken stone is placed directly on the groimd in 
the bottom of the trench. On the best roads, there are three layers of 
stone. The first coiisists of any sound stone with longest dimension 
1" to 3"; this layer is 4" thick and is compressed by a roller. The 
second layer is of stone similar to the first, is 2" to 3" thick and is simi- 
larly rolled. The third layer is of i" to 1|" granite or other hard stone, 
and 3" thick. 

The three layers given above are correct and best. Generally, how- 
ever, there are only two separately rolled layers, the first and ^ond 
layers as above being combined and rolled as one layer, thus saving time 
and expense. Quite often the stone of all three layers is of the same 
^e, 1" to 2"; but this gives poor support and the road gradually sinks 
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into the subgrade and more broken stone is constantly needed. Cases 
are known of such foundation courses where top layer after top layer has 
been added until there existed a mass of small broken stones 8' in depth. 
It is thus seen that suitable large stones in the bottom course are necessary. 

After this top layer is thoroughly rolled, screenings are spread on the 
surface and wetted down, and the road is thoroughly rolled until the 
interstices have been filled and there is a solid surface apparently all of 
one piece. In fact, certain stone screenings act somewhat as a cement 
to form a kind of concreted surface. However, in the case of the ordinary 
screenings, the rolled hard surface is only a mechanically packed mixture 
and. not a chemical compoimd. 

2150. Telford Macadam. — In the Telford macadam road (Fig. 2160A), 
the lower or foundation course consists of stones placed on edge. A size 
of stone that can readily be handled by one man is suitable. The ver- 
tical dimension should be within an inch of the required thickness of the 
foundation, which may be 6" or 8". The width of these stones is from 


^?rown $6 


1 

.size of stone to 1 






large stones laid on edge 6" to 8" deep 

ng. SISO A Cross-section of Telford -Macadam Boad 


5" to 12" and the length from 8" to 15". The Telford foimdation course 
must be carefully placed by hand. The greatest length of each stone is 
laid across the road and it rests on its widest edge so as to break joints as 
much as possible. All chinks between the stone are filled with gravel, or 
crushed stone. The lower course is then thoroughly rolled with a heavy 
roller before the upper layer is placed on it. The Telford macadam road 
is like ordinary macadam, with the exception of the special foundation 
course as described above. 

2151. In the Telford foimdation, the interstices are open and the 
water can fiow away if the subgrade has any slope: hence the ground- 
water does not reach the binder of the top surface to soften it. In the 
macadam foundation, the interstices are usually filled with binder or 
dust, which prevents the escape of the water and allows it to be drawn 
up and distributed through the binder by capillary attraction, thus 
softening the pavement. Macadam pavement being the cheaper is 
therefore satisfactory when the soil is sandy and allows the escape of 
water through it. The Telford pavement, being less likely to be affected 
by ground water, is therefore most necessary when a pavement must be 
laid on clayey soil, especially in cuts where the water is likely to accumu- 
late. 
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2152. Macadam surfaces may be treated with light refined tar or 
asphaltic oil by sweeping the road clean of dust and applying the liquid 
with sprinklers. The surface is then covered with pea gravel, stone or 
slag screening, or a sharp coarse sand. In parts of New York the cost 
has ranged from two to three cents per square yard including sweeping, 
materials, and labor. 

Bituminous flush coats are applied by sweeping the macadam carefully 
to remove all surface dirt as well as the stone or sand filler to a depth of 
about one half inch below the top of the larger stone fragments. On 
this rough, clean, dry surface is spread about 0.2 to 0.8 gallon per square 
yard, of hot heavy tar or a bituminous residuum. It is spread either by 
hand or by sprinklers and then covered with a layer of about f " dustless 
screenings and thoroughly rolled. A well constructed surface resembles 
asphalt. It protects the macadam, is waterproof, forms a surface which 
takes the traffic from the large stone fragments and gives a smooth road. 
But it cannot be laid in wet or cold weather and like asphalt is slippery 
and unless laid evenly will develop sharp waves or humps. 

2163. Earth Roads. — The wearing surface on earth roads is the earth 
excavated from the sides of the roadway or from the ditches. It is not 
a good wearing surface, unless well drained and kept in thorough repair. 
Even then, the tractive resistance is large. The quality of the wearing 
surface depends upon the material; it is best when composed of sand or 
gravel with just sufiicient clay or loam to bind it thoroughly; it is worst 
when sand or clay alone is used. 








Fig. S163 A Cross-section of Earth Road 


-^8-0^2'Ot 

Fig. giss £ Cross-section of Earth Road 

If the cross-section is of the general form shown in Pig. 2163A, the 
roadway proper should have a crown of ■^, and the side ditches should 
be deep enough to assist in draining the roadbed. As this cross-section 
necessitates the excavation of the ditches by hand, a more common 
form is shown in Pig. 2153B which can be easily constructed by machin- 
ery. As shown in both of these cross-sections, the earth road has a high 
CTOtm; this is necessary in order to prevent the surface water from sink- 
ing into the roadbed when the road is worn by travel. 
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The surface drainage can be kept intact only by filling the ruts with 
good material as soon as made. Large stones should never be used in 
making these repairs. 

As heat and free circulation dry the roadbed, a clayey road should 
never be shaded by overhanging trees; a sandy road, being better in 
a moist than in a dry condition, should have as much shade as possible. 

2154. Besides the grading machinery employed in the construction 
of the roadbed, the principal machines employed in its improvement are 
the simple and elevating scraping graders. The simple scraping grader 
is a four-wheeled vehicle which supports a heavy steel blade, either plane 
or cmwed, which may be so set that its cutting edge is oblique both to 
the axis of the road and to the horizontal plane. As it is pulled along, 
it cuts the earth to an inclined plane and moves it from the sides towards 
the center. The elevating scraping grader (Fig. 2154A) has, in addi- 



Fi^. S154 A Elevating Scraping Grader 


tion, a carrier by means of which the earth excavated from the side 
ditches is conveyed directly to the middle of the roadway. Road drags 
are probably more commonly used than any other tools for the main- 
tenance of earth roads. They are very simple in their essential features. 
A chain is attached so as to cause the drag to follow the team or machine 
drawing it so that its long axis makes a slight angle with the perpendicular 
to the axis of the road. Drags are from 6' to 9' long. They are made in 
several types such as the split log drag, the plank drag, and many forms 
of steel drags, in which the blades can be tilted to different angles. The 
drag most commonly used and the simplest in construction and use is 
the split log drag (Fig. 2154B). A log is split in half and the two halves 
plac^ parallel and braced together about 3' apart. An iron strip is 
nailed to the lower comer to form a cutting edge. A platform of 1" 
boards is built on the braces for the driver of the team. 

Drags are used to dean out the side ditches which become filled with 
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grass and debris; but their most important use is to keep the surface 
of the road in shape. The drag does its best work when the soil is moist 
but not sticky. It crowns the road and fills up the nits with the earth 
which is worn or washed to the edges of the road. 

I 

1 ^. 



Fig. 21 5 i B. Split-log Drag 


2155. Sand-Clay Roads. — ^The name sand-clay is given to a type of 
road surface (Fig. 2155A) which consists of sand and clay, loam, or gyp- 
sum, or all of these materials. Such surfaces are constructed on clay, 
gumbo, or loam soils, and on deep sand. 
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amount of this binder needed is about the amount which will fill the 
voids in the sand. 

The sand-clay road is resilient, dustless, and will be smooth if properly 
built. It becomes only slightly muddy, is serviceable for moderate 
traffic, and requires little care after it becomes finally solid. It will be 
damaged by traffic during long spells of dry weather. 

2156. Gravel Roads.— (Fig. 2156A). Care should be taken to make 
the distribution of fine and coarse gravel as even as possible, the coarser 
particles being placed in the bottom. The gravel is thicks at the cento 
than it is at the sides, and after it is spread to the desired surface is 



mg. S1&6 A Cross-section of Gravel Road 

thoroughly rolled and compacted. The best form of construction is to 
build a gravel surface in a shallow trench in a manner similar to that 
used in building macadam roads. The gravel is spread on this trench 
in two or three layers, which are separately rolled. The thickness of the 
separate courses varies, but the total thickness is about 8" at the center 
decreasing to about 6" at the sides. Water should be used to help the 
consolidation of the surface, but care should be taken not to use an excess 
of water, since it may wash out the natural binding material or soften 
the subgrade. 

2157. Concrete Roads.— (Fig. 2157A). Concrete as wearing surface for 
roads is an excellent development in the use of this material. It has long 



Pig. 9167 A Concrete Road 


been used as a base for various types of pavements where its function is 
to distribute the load stresses to sufficient area of earth in the subgrade 
to insure stability. As lately developed, the concrete is. made a little 
thicker and is itself the surface. 

When concrete is used as wearing surface it must perform all the 
functions required in the concrete foundation and in addition must 
resist the abrasive action of traffic, and the tensile stresses due to changes 
in temperature. 
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The concrete road is commonly constructed with a small crown. 
Experience and theory show that the outer edge of the concrete surface 
is more likely to crack than the inner sections; and consequently, the 
subgrade is curved and the thickness of the concrete is less at the middle 
than at the edge. For heavy traffic, the usual thicknesses are 1" at 
center and Q” at the edges; for light traffic, Q" and 8" are suitable. 

Where concrete is employed for city pavements, the thickness is 
uniform, being at least 6" throughout, and the crown is gained by making 
the subgrade with the necessary elevation. Curbs and gutters are 
usually made as integral parts of the pavements: by this method 
considerable expense is saved over separate curbs and separate gutters. 
The mixing is done by machinery, chiefly operated by gasoline engines. 
After these operations, the concrete is “ cured,” that is it is kept moist 
for a few hours by canvas covers which are constantly wetted and thus 
the concrete is prevented from drying out too quickly. Upon the re- 
moval of the canvas, the surface is covered with a layer of sand or earth, 
which is kept thoroughly moist for a period of two weeks. 

Expansion joints should always be provided to take care of the expan- 
sion and contraction of the concrete due to changes of temperature, 
variation in the moisture content of the concrete, and variation in the 
condition and character of the subgrade. If expansion joints are omitted, 
the concrete will crack upon sufficient decrease in temperature to over- 
come its tensile strength opposing the contraction; it will likewise crush 
or bulge upon increase of temperature. The width of the expansion 
joints depends upon the distance between them. It is better to con- 
struct narrow joints at short intervals rather than wide ones far apart. 
Transverse joints are placed about^ 50' apart. Also, a longitudinal 
e:q)ansion joint is placed down the middle of a road more than 16' wide. 

2158. Placing the Concrete. — ^Before la 3 dng the concrete on the earth 
subgrade, the latter must be thoroughly plowed, shaped, rolled, and pref- 
erably subjected to the effect of traffic and weather so as to diminish 
the imequal settling. This will diminish or eliminate the cracks in the 
pavement. 

The mixing may be done right on the job, at the point needed, by a 
batch mixer; or it may be done at a central plant and hauled by truck to 
several points or jobs where concrete is being laid, simultaneously. As 
the concrete is being laid, it is shaped to the specified cross-section, 
tamped, and .smoothed. The movable concrete paver is coming into 
general use. It mixes the concrete, distributes it over the width of the 
road, and moves along parallel to the axis of the road. 

2159. Keinforced Concrete Roads. — ^The advisability of reinforce- 
ment in concrete pavements is a matter of opinion rather than the result 
of definite e^eriments. It is often recommended that when roads 
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exceed 20' in width, reinforcement of some kind be used to prevent large 
cracks and to distribute the stresses due to temperature and moisture. 

Two general types of reinforcing are used: mesh, and rods. The 
reinforcing is not primarily intended to strengthen the concrete slab as a 
beam, but to prevent parts of the slab from being displaced vertically. 

It prevents the widening of cracks which occur under stresses as de- 
scribed above. 

2160. Characteristics of Concrete Roads. — A well constructed con- 
crete road has a granular, uniform, easy riding surface which affords ex- 
cellent traction for motor vehicles and fair foothold for horses. It is 
free from dust but is trying to the eyes in bright simshine because of its 
white color. A good concrete road resists the abrasion of traffic very 
weU, but when a crack occurs deterioration is rapid. As to its ultimate 
life, data are not avaUable, but recent experience indicates that, if 
properly built and properly maintained, it will be a very durable pave- 
ment. 

Pavements. 

2161. Sheet and block pavements are suited to city streets because 
of the ease with which they may be kept clean, the infrequency of neces- 
sary repairs, and the comparative ease with which needed repairs may be 
made. Also, they are fairly free from dust and mud. The above proper- 
ties make them likewise suitable for country roads, but the item of ex- 
pense makes it impracticable to use them often for this pmpose. 

2162. Wearing Surfaces. — The ordinary wearing surfaces are made 
of blocks of wood or stone, and sheets of asphalt concrete or asphalt 
mortar. 

All block pavements are laid in a similar manner, in rows of blocks 
perpendicular to the line of travel. The blocks break joints in the 
direction of travel. They are placed on a sand cushion about 2 ' thick 
and the surface is made perfectly smooth by pressing the blocks, if 
irregular, to the proper depth into this sand. 

2163. Foundations. — ^The best foimdation for aU forms of pavement 
is a bed of concrete, laid on the subgrade, which has been graded and 
then thoroughly rolled with a heavy roller. The normal thickness of the 
concrete foundation is 6", which may be reduced to 4" or 5" with a rich 
mixture on an especially good subgrade. The normal mixture is 1 : 3 : 6. 

When concrete is too expensive, the foundation may be made of a bed 
of gravel or cinders about 6" thick and rolled with a very heavy roller. 
This form of foundation will always develop depressions over weak places 
in the subgrade. These depressions will ultimately cause weak places 
in the surface; and sudi a foundation will probably be more expensive 
in ttie Old than a concrete base. 
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2164. Stone Block Pavement. — (Fig. 2164A). A pavement of granite 
blocks on a concrete base is the most durable of all pavements. It 
requires no attention for many years after it has been laid. It is the 
most suitable type of pavement for streets subjected to very heavy loads, 
such as dock and warehouse districts. The earlier stone block pave- 
ments were rough and noisy; but the blocks are now made smoother and 
fitted like bricks with the result that the stone block pavements con- 
structed in recent years are high class surfaces of great durability. 
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The blocks are about 6" deep, 4" wide, and 8" long, and made of 
granite, trap, and sandstone. The granite blocks are best, since they 
are more durable than sandstone and less slippery than trap. The 
blocks are laid on a 2" cushion of sand resting on a 6" concrete base. 

The joints in the best pavements are filled with hot gravel and asphalt 
cement, tar, or pitch; those of inferior pavements are filled with gravel 
only. 

The points to be noted about a stone block pavement are its great 
durability and long life. It will withstand the heaviest traffic and the 
hardest wear. It becomes slippery with wear, is always noisy, does not 
present as pleasing an appearance as many other types, and is diflBcult to 
keep dean. It is very expensive in first cost, being in this respect the 
most expensive of all pavements. 

2165. Pavements with a stone wearing surface were introduced into 
Europe by the Romans in the construction of their military roads and 
in the paving of their city streets. Their pavements consisted of irregu- 
lar shaped slabs usually of large area, which were supported by a firm 
foundation of flat stones covered by a layer of a kind of concrete. 

2166. The cobblestone pavement is a stone pavement which is made 
of egg-shaped stones from streams or fields. It is very rough, very 
slippery, hard to keep dean, and destructive to vehicles. The noise is 
much greater than over stone blocks. The pavement is made of stones 
4" to 6" long, 2" to 4" in diameter, laid with close joints, covered with 
sand, and then tamped with a heavy hammer until they are firmly 
bedded. Practically no new cobblestone pavements are being constructed. 

2167. Brick Pavements. — (Fig. 2167A). A brick pavement is like a 
stone block pavement with bricks replacing the stone blocks. Bricks are 
less durable than stone blocks, but are uniform in size whereas stone 
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blocks are not exactly so. The resulting pavement therefore has nar- 
rower joints and a smoother surface and is less noisy. It is also cheaper 
than stone block, since the cost of the brick is about one-half the cost 
of the stone block for the same area of street. 

A great number of the paved streets in the United States are of brick. 

The bricks for pavements are made of selected clay, and are brnmed 
at a high heat just short of vitrification, producing what is called a 
vitrified or pavement brick. 
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Fig, £167 A Brick Pavement 


Pavement bricks are usually subjected to tvsro tests, the absorption 
and the rattler tests. The absorption test consists in immersing the 
brick in water for forty-eight hours in order to determine the amount of 
water by weight that it will absorb. As the manufacturer can make his 
brick impervious by a suitable coating, it is necessary to break the brick 
into two parts. The rattler test consists of rolling the brick and some 
metal blocks around in a barrel, called a rattler, for the purpose of 
determining the toughness and durability of the brick. The edges of 
the bricks are worn away by concussion and friction in the rattler and are 
broken if too soft. The amount of such wear determines the lack of 
excellence of the brick. 

In laying a brick pavement, the bricks are placed by hand on edge on 
a cushion of sand about 1" to 2" thick. The surface is then tamped by 
dropping a heavy tamp on a short thick plank placed over the brick 
surface. The joints are filled with cement grout. Longitudinal expan- 
sion joints are placed at intervals on each side at the curb; transverse 
expansion joints are placed at intervals of about 50'. The expansion 
joints are filled with bituminous cement and are impervious. 

2168. Wood Block Pavements. — ^Wood block pavements are exten- 
sively used in certain parts of the country. Their principal advantage 
is their noiselessness. The blocks commonly used are about 8" long, 
3i" wide, and 4" deep. In the United States they are most commonly 
made of southern yellow pine, Norway pine, black gum, and tamarack, 
and are treated with creosote to prevent decay. 

The wood blocks are generally laid on edge in a cushion of sand with 
grain vertical. However, the sand cushion has not always proved 
satisfactory as it has been prone to wash from under the wood blocks or 
to shift when dry, thus rendering the pavement uneven. This is par- 
ticularly noticeable on streets carrying surface lines, the jar of the cars 
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being sufficient to loosen the blocks along the track and make an opening 
for water. As a result, it is considered best practice to use a mortar 
cushion instead of sand. In some cases, a thick coating of tar is spread 
on the concrete foundation and covered lightly with sand, the wood 
blocks being placed on the mastic thus obtained. When wood blocks 
are thus laid, it is impoii:ant that the concrete foundation be finished 
with the surface true to shape of the final pavement as the mastic does 
not permit leveling of the si^ace by increased pressure of the blocks by 
hand, as in laying in the sand. 

The foundation is about 6" thick as in brick pavements. There are 
the same expansion joints on each side of the curb, and the same trans- 
verse expansion joints, except that they may be placed farther apart than 
with brick, say at a distance of 100'. The joints between blocks and the 
expansion joints are filled with the same material as in brick pavements. 

The wood block pavement is adapted to any sort of traffic and is 
exceedingly durable even xmder the heaviest traffic. It is smooth, 
resilient, and quiet, but its one undesirable characteristic is its slipperi- 
ness. It is not suitable for grades in excess of about 4 per cent and if 
subjected to heavy hors^drawn traffic should not be used where the 
grade exceeds 2 per cent. The slipperiness can be overcome to a large 
extent if the pavement is sanded at the proper time. Some difficulty is 
encountered from expansion due to the wood swelling when wet, but this 
is eli min ated by the use of suitable expansion joints. 

2169. Plank and corduroy roads are crude forms of wood block 
pavements; they are employed to carry a road across a wet place into 
which the wheels of a vehicle would sink to a considerable depth were 
they not supported by some form of platform. The foundation consists 
of two or more rows of longitudinal sleepers. In the plank road these 
are covered with a floor of 2" or 3" plank: in the corduroy road by sap- 
lings with the upper surfaces of the saplings roughly hewn, or covered 
with brush or grass and a layer of earth. 

2170. Sheet Asphalt Pavements. — (Fig. 2170A). The foundation of 
a sheet asphalt pavement is preferably 6" of concrete as with block 
pavements. Upon this foimdation is laid the binder course of about 
1§" of sand and asphalt cement or of broken stone and asphalt cement. 
The asphalt is melted and mixed with the sand or broken stone at the 
m^g plant, located fairly near where the pavement is being laid. The 
mixture is then brought on in carts at a temperature of 250° to 350° P., 
deposited on the fotmdation, and then compacted about 40 per cent by 
a roller. The wearing surface consists of an asphalt mortar made of an 
aggregate of finely graded sand with a filler of stone dust mixed with hot 
a^halt c^ent. It is brought on at about 300° F., dumped and ^read 
on the binder, tamped around manholes and gutters, and then rolled 
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throijghout. A continual rolling is very necessary, as constant kneading 
action is necessary for a well compacted sxirface. 
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Fig. S170 A Sheet Asphalt Road 


2171. Asphalt Block PaTements. — ^These are made of asphalt blocks, 
laid in the same general manner on the same foundation as brick or wood 
block pavements. The asphalt blocks are made by compressing in 
molds a hot mixture of asphalt cement, mineral dust and trap rock 
screenings. The blocks are about the same size as brick, though other 
sizes are in use. 

The asphalt block pavement has much the same appearance as the 
sheet asphalt pavement but is less slippery and somewhat more durable. 

2172. Asphaltic Concrete Pavements. — There are other varieties of 
asphalt pavements known as asphaltic concretes. Of these there are 
two distinct classes, the Bitulithic and Topeka types of asphaltic con- 
crete. Both are mixtures consisting of graded stone, sand, and rock 
dust or other fine material which is cemented together by a bituminous 
material. The chief difference between the two types is the proportion 
of voids allowed due to the grading of the stone. The Bitulithic is a 
patented pavement. 

The asphaltic concrete is resilient, dustless, quiet and easily cleaned. 
It is less slippery than the sheet asphalt. It has about the same durabil- 
ity as sheet asphalt. 


COMPARISON OF DIFFERENT KINDS OF ROADS AND 

PAVEMENTS. 

Characteristics. 

2173. Earth roads are ine3q)ensive and easy to build and maintain. 
They are usually dusty. The surface is not hard, and consequently they 
are not satisfactory for heavy trafiBc, especially when wet. Generally, 
earth roads are the most economical of construction, though this may 
not be the case over a period of many years of repair. 

Sand-clay roads are more durable and have harder surfaces than earth 
roads. If properly built, they are better than ordinary earth roads; 
but they are more expensive in first cost. 

Gravel roads are excellent for purposes where the pavement is not 
subjected to mudi traffic. They are cheaper than macadam roads, but 
are not as smooth or durable. Water penetrates such roads. 
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Macadam roads are satisfactory for horse-drawn vehicles and are 
suitable for motor vehicles, but they wear down quickly under constant 
motor traffic. They are practically impermeable and consequently are 
more durable than gravel roads. 

Brick pavements are dmable, but their greatest objection is due to the 
noise of travel on them. 

Wood block pavements are less noisy than brick. They are subject 
to decay, and even when properly treated are not as durable as brick. 
They are not so easily cleaned as the other pavements. 

Stone block pavements take the heaviest kind of traffic. They are 
noisy, and slippery in wet weather, and the edges of the blocks chip off 
and make the pavement rough after several years. 

Sheet asphalt pavements are the most satisfactory for all general 
purposes. They are not as suitable for heavy traffic as stone block. 
They become soft in hot weather, thus increasing the traffic resistance 
but increasing the foothold of animals. In cold weather, the reverse is 
the case; the traffic resistance is much decreased, but the pavement is 
very slippery. When decay once starts, it spreads very rapidly; there- 
fore, repairs should be made very promptly upon appearance of weak spots. 

Concrete pavements are smooth but noisy. They are easy to clean, 
are not slippery, and give good foothold for horses and excellent traction 
for motor vehicles. They are average in cost, require some maintenance, 
but are very easy to repair. 

2174. The following table sums up, numerically, the comparison of 
various roads and pavements: 


TABLE OP RELATIVE CHARACTERISTICS OF HIGHWAYS (ACJG.) 



a 

1 

M 


i 

i 

1 

1 

*© 

1 

1 

% 

o< 

m 

I 

1 

P 

a> 

1 

a 

< 

7 

a 

0 
*0 

1 

P 

7 

1 

1 

A 

7 

Ease of Maintenance 


Gravel 

1 

7 

7 

4 

1 

8 

0 


Water-bound macadam 

2 

8 

7 

4 

1 

8 

8 

7 

7 

3 


Cement concrete 

3 

6 

1 

6 

3 

4 

5 

4 

1 

3 


Vitrified brick; grouted .... 

6 

3 

5 

6 

3 

4 

4 

5 

1 

8 


Wood block 

7 

2 

3 

1 

6 

1 

3 

1 

3 

1 


Sheet asphalt ' 

4 

4 

1 

1 

8 

1 

1 

1 

4 

2 


Asphalt block 

5 

4 

4 

1 

7 

1 

1 

1 

1 

4 

7 


Granite block 

8 

1 

6 

8 

3 

4 

6 

6 

6 

3 















Highways. 


669 


Costs. 

2175. The expense of construction of different types of highways 
varies greatly with the section of the country, and in the same section of 
the coimtry the relative costs of the different types vary greatly with the 
materials present for the types in question. For example, the expense of 
constructing any land of road will depend in any section upon the laho^ 
costs in that section and the facilities for tran^rtation to the site of. the 
necessary equipment and material. 

For the same site of highway, the expense of construction will depend 
greatly upon the presence of suitable materials in the vicinity. In one 
section, as in the lumber states, a wood block pavement may be rela- 
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tively less expensive than it would be in sections where the wood for 
blocks must be brought from a great distance. 

2176. The following table shows the average life without extensive 
repairs and the average cost per square yard of the different kinds of 
highways, excluding cost of grading. 

1 - 



First Cost 

Life— Years 

Earth 

$0.10 

1 

Sand + Clay 

0.20 

2 

Gravel 

0.40 

3 

Macadam 

1.00 

4 

Telford Macadam 

1.20 

6 

Concrete 

1.50 

10 

Sheet Asphalt 

1.80 

16 

Brick 

2.00 

20 

Wood Block 

2.50 

18 

Stone Block 

3.00 

30 

1 


At first it would appear a simple matter to determine the relative costs 
by obtaining the annual e3q)ense for the useful life of any highway; but 
the calculation is complicated by many things. For example, the annual 
cost of maintenance varies greatly, some of the highways have surfaces 
which can be sold after useful life, the interest on additional first cost 
must be calculated, and the amount of ton-miles of traffic which have 
been sustained by the different kinds of highways enter into the calcula- 
tion of actual service rendered. The chart in Pig. 2176A (taken from 
Agg’s Construction of Roads and Pavements) represents a comparison 
of average cost of actual service rendered. 

For more detailed information, see 
City Pavements, Besson 
Principles of Highway Engineering, tWiley 
Construction of Roads and Pavements, Agg 
Roads and Pavements, Baker 
American Highway Engineers’ Handbook, Blanchard. 




CHAPTER XXII. 

CITY ENGINEERING. 

2201. The engineer of a city government is confronted with a great 
variety of engineering problems. A railway engineer must know prin- 
cipally about railways; an electrical engineer must know about lighting, 
heating and power; a sanitary engineer must know about water purifica- 
tion and about sewerage; but a city engineer should know about these an d 
many other branches of engineering. In a large city, the senior engineer 
has assistants who are specialists in the various branches of engineering; 
but in a small city, he should himself possess this broad knowledge be- 
cause he may have no engineer assistants. 

2202. In recent years, there have been many changes from the old 
system of city government by elected aldermen. First, there was the 
change to Government by a small number of Commissioners elected by 
the people. The first such commission form of city government was 
adopted by the voters of the City of Galveston in 1901, after their 
experience in the disaster of the Galveston flood had forced them to see 
the necessity for change from the old system. Fig. 2202A shows the 
commission form of government adopted in 1907 for Des Moines, Iowa. 
This is very similar to the commission form of government which has been 
in use in Washington since 1874, in which city there are three commis- 
sioners, two of whom are civilians and the third an ofiicer of the Corps of 
Engineers, all appointed by the President. Although this Washington 
Commission form of government was in successful operation and was 
satisfactory for 26 years before the Galveston flood, yet its success did 
not attract much attention because its commissioners were appointed 
and not elected by the voters. 

2203. A study of Fig. 2202A shows that in Des Moines one of the 
Commissioners is in charge of the Department of Streets and Public 
Improvements, in which practically all questions require a knowledge of 
engineering. The work of the Department of Parks and Public Property 
is also almost entirely engineering; and a small portion of the work of 
the Department of J^blic Safety requires a knowledge of engineering. 
The difficulty of inducing competent engineers to seek election as com- 
missioners and the fact that the total amoimt of engineering was greater 
than that of all others combined led to the City Manager system, a 
system wherein the Commissioners are elected as before and they employ 
an engineer as City Manager and hold him responsible for all engineering 
and most of the other problems of the City government. 
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Fig. BtOB A Diagram of Commission Government of Des Moines, Iowa 
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CITY PLANNING. 

2204. It is not often in modem times that an entirely new city is to 
be built on an unoccupied site, as was the case when Washington City 
was built on the banks of the Potomac, and recently when Canberra 
was designed as the new capital of Australia. However, certain prin- 
ciples of City Planning are now so generally accepted that all cities should 
have a comprehensive plan and should force all future activities to the con- 
summation of this plan. With an entirely new city, no restrictions would 
be necessary; with an old city, the activities are guided to this plan by 
certain restrictions such as refusing to issue permits for factory construc- 
tion in certain areas, setting aside certain streets for street-cars, designa- 
ting selected areas for railway yards and tracks, and limiting heights of 
buildings along certain streets. 

Surveys. 

2205. Nearly all cities in Europe and many in the United States have 
grown without any comprehensive controlling plan. Therefore a survey 
must show not only the topography of the city, but also its present 
social and economic condition. Further, so as to be satisfactory, this 
survey should be revised each year in order to keep up with the growth 
of the city. 

2206. The topographic survey requires first and foremost a con- 
toured map of the ground. This is needed for determining the lay of 
the ground as affecting lines, curves, and grades. But there are other 
considerations affected by topography: watercourses suitable for canals 
or for water supply; natural advantages for harbors and piers in cases 
of navigable streams or harbors; good centers for the jimction and cross- 
ing of highways and railways. 

The survey must show the character of the sub-soil, with reference to 
its suitability for foundations, subways, and sewer lines. 

City surveys must be more accurate than other surveys. Errors of 
1/5000 must not be exceeded in the suburban districts, and errors of 
more than 1/20,000 cannot be allowed in the congested districts. 

2207. The social and economic information must comprise every 
type of existing public property, such as streets, parks and public build- 
ings; all public services, such as transportation, lighting, and water 
supply; distribution of population and industries; the housing of the 
people, size and type of houses, size of yards, distances to parks. 

Zoning. 

2208. The survey completed, the next step is to anticipate as far as 
possible the future lines of normal growth of the dty, to provide a com- 
prehensive plan for taking care of this normal growth, and to link up this 
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plan with the necessities of improving the existing conditions of the city 
not only for its present requirements but for its future normal growth. 

2209. Zoning is the first requisite for such a comprehensive plan: 
it consists in definitely setting apart certain sections of the city as factory 
or mercantile or residential districts, and restricting these sections to 
such uses. In addition, zoning prescribes height limits and the amoimt 
of groimd to be covered. This plan has been in use for many years in 

. European cities, but its introduction into America has encountered many 
difficulties. However, the necessity of zoning is being gradually accepted 
in the United States. Practically every city has its fire limits within 
which new buildings must be of fire resisting material. Boston has 
heights of buildings prescribed for certain districts, other cities have cer- 
tain zoning restrictions vitally necessary to themselves, Washington and 
Los Angeles have practically complete zoning restrictions. In 1923, 
22,000,000 people comprising 40 per cent of the urban population of 
the United States lived in 183 cities which had accepted zoning systems. 

Residents in many cities have combined to form their own private 
zoning restrictions, where their cities would not do it for them. As a 
result, practically every city has some zoning restrictions, public or 
private. 

Street System. 

2210. It is easily seen that the street system is a complement of the 
zoning system. The duty of streets is to provide communication between 
different parts of the city: the streets must be wider or there must be 
more of them where the traffic is greatest, viz., at the railway and central 
street-car stations, on the main business streets, and on Tnain fin e s from 
central business districts. 

2211. The basis of all well-regulated street s3rstems is the grid-iron, 
making each block a rectangle. Where the topography renders this 
impracticable, the streets follow curves or diagonals until the difficulty 
is overcome, and the gridiron system is then resumed. 

In the original plan of Philadelphia, the city was laid out in squares 
with sides of 400'. In New York the blocks are 200' x 800'. 

2212. A strict adherence to the gridiron system is not necessary nor 
advisable. The distance of travel from one point to another not on the 
same street would always be along the two sides of a rectangle instead 
of along the shorter hypotaiuse. If the two sides of the rectangle are 
the same, the distances are as 2.0 to 1.4. Therefore, diagnTiflig are run 
from the places of greatest congestion. These diag onal!^ are usually 
made wider than other streets, because they contain the street-car tracks 
and are used by bus lines and wheeled traffic proceeding to greater 
distances. 
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For special localities, as railway stations, or post offices, several 
diagonals are suitable. 

2213. Fig. 2213A shows the plan of the City of Washington as pre- 
pared for President Washington by Pierre Charles L’Enfant, a dis- 
tinguished French engineer, selected to lay out the new Capital of the 
United States.* (The actual surveying and la3nng out was done by 
Andrew Ellicot, later Professor of Mathematics at West Point.) A 
glance at this plan shows the gridiron system, the diagonals, and the 
circles at the most important junction points. This L'Enfant plan has 
been satisfactory and has been generally adhered to for over one himdred 
years; even the advent of street-cars and automobiles has not rendered 
necessary any vital change in it. 

2214. The simplicity of the gridiron street system has tremendously 
increased its use. By numbering its streets successively in order, and 
by numbering the houses in hundreds corre^onding to the street num- 
bers, it is a simple matter to find any building. This numbering plan 
is so satisfactory that in Washington the buildings on the diagonals 
(avenues) are numbered in accordance with their locations between 
certain streets. 

Likewise, property lines can be more clearly described with the gridiron 
system. Areas must be defined by straight or curved or broken lines. 
The gridiron system makes possible the description of property by a 
statem^t of four lines. With curved lines the description is very diffi- 
cult: and with broken lines there must be a description of each of the 
broken lines. 


STREETS. 

2215. Classification. — As previously esplained, all streets are not the 
same width. Those which carry the most traffic should be the widest 
and have the best pavement. In less important districts, wide streets 
are not desirable, as the area can be more useful for other purposes. 

W. B. Munro, in his book on Principles and Methods of Municipal 
Administration, classifies streets as follows: 

(1) The arterial streets, or traffic thoroughfares. In this class 
come the streets which are the direct route of through-the- 
city and across-the-city traffic, particularly the automobile 
traffic. They may be retail, wholesale, or residential 
streets from the viewpoint of use by abuttors; but their 
prime characteristic is their use as trunk thoroughfares. 

The L’Enfant plan covered only a portion of the District of Columbia. The present 
Highway Plan covers the whole of it. 
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Every city has a few such streets; the smallest community 
has at least one of them. 

(2) The retail business streets. These are usually the most 
congested by pedestrian, vehicular, and street-car traffic. 
They bear also the largest number of impediments in the 
way of poles, signs, street clocks, and so forth. 

(3) The streets of the wholesale, financial, shipping, market, 
and office districts. Here the foot traffic is not so large, 
nor is the street-car always a factor in congestion; but 
slowly moving vehicles are more numerous and the streets 
should be adapted to their use. The practice of backing 
trucks up to the curb for loading and unloading should 
also be taken into account. Vehicles so placed take up 
about fourteen feet of roadway. 

(4) The main streets of residential districts. In such street 
areas the traffic of all kinds is relatively light, but much 
of it is quickly moving, and a large portion of it is cross- 
city or through traffic. 

(5) The minor streets of residential districts. These streets 
bear very little through traffic, and what they do carry is 
highly diversified. They form by all means the most 
numerous class of streets in any city. 

(6) Boulevards, esplanades, and parkways. Roadways of this 
type are used almost wholly for pleasure driving; heavy 
traffic is usually excluded, and hence no imusual strain 
need be provided for. 

(7) Alleys, lanes, courts, and passageways. This class in- 
cludes the narrow public ways that are used almost 
altogether by delivery wagons, garbage collectors, and 
so on. 

2216. It is evident that the classification of the street determines the 
engineering coimected with it. Some streets will require good pave- 
ments and constant care; others may not require more than drainage 
and sanitary precautions. Some streets are selected for the main sewers 
though they may not at all be the most important. Each street requires 
special care in accordance with its own special problems. 

2217. Width. — ^Many points must be considered in determining the 
proper width of a street. Its classification will determine its principal 
use and will be the main factor in determining its width, but other factors 
are of great importance. For example, a double-track street-car line 
with due clearance requires twenty feet. The usual allowances are 
as follows: 
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Street cars, per track 

10 feet 

Vehicle traffic, one line 

8 “ 

Standing vehicles, one line 

7 “ 

Sidewalks 

9-16 “ 

Gutters, each 

2 “ 

Strips for trees 

5 “ 

The above figures must be varied somewhat. 

in each particular case. 

but they can be used as a basis for calculation. 

For example, a minor 

residential street with one street-car line would require a width as follows: 

One street-car line 

10 feet 

Two zones for vehicles 

16 “ 

One zone for standing vehicles 

7 “ 

Two sidewalks 

18 “ 

Two gutters 

4 “ 

Two strips for trees 

10 “ 

ft 

Total 

65 “ 


2218. The above figures show that the width of the street is not 
directly dependent upon the vehicular traffic upon it. The recent 
remarkable increase in automobile trafiie has brought additional compli- 
cations. Parking space must be provided for these automobiles, and 
the streets seem more satisfactory than areas set aside, especially as 
there are generally no such areas available. A principal thoroughfare 
should not be encumbered with these vehicles; therefore, it appears that 
a side street near such a thoroughfare may actually require as great a 
width as the much more important thoroughfare. 

Similarly, the streets of residential districts require special considera^ 
tion. These streets usually have special strips for trees, whereas trees 
are not desirable in the most congested business districts. Some of 
these streets have street-car lines, and require extra width on that account. 
It is thus seen that even in the suburbs each street requires special 
consideration. 

2219. The existing widths of streets (including sidewalks) in different 
cities give some idea of the requirements. Most streets in New York 
have widths of from 60' to 66'; Chicago streets are about the same. 
These widths are satisfactory in some cases; but are generally unsatis- 
factory due to the automobile traffic, and one-way traffic regulations 
have been found necessary. Washington's numbered and lettered 
streets are about 90' wide and most of the avenues (diagonals) are 160' 
wide. Streets of European cities are usually very narrow, but some 
special streets are quite wide: Unter den Linden in Berlin is 193' wide 
and the Avenue des Champs-Elysees varies from 230' to 260' wide. 
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2220. Area. — As a rule the streets constitute from 25 per cent to 35 
per cent of a city’s entire area. The streets of Boston, Philadelphia, 
and New York are about 30 per cent of the area: those of Washingtpn 
are about 45 per cent. 

2221. Sidewalks. — In some cities, standards have been adopted 
whereby the sidewalk is a fixed percentage of the total width of the 
street. As a rule, the width of the sidewalk is about 40 per cent. How- 
ever, there are alwasis exceptions to such a standard: for example, a 
street in a wholesale district will require a comparatively small sidewalk 
and a street in a warehouse district wiU require practically no sidewalk 
at all. 

2222. Pavements. — The pavements in city streets do not differ in 
any essential from the pavements of the most important highways. 
Their foundations and wearing surfaces have already been described in 
the chapter on Highways. 






* **•«<*. • 





h*.r».’<r v 

A Pavement for a aidewallc' 


However, the pavings of sidewalks are somewhat different (see Fig. 
2222A), A study of this figure shows that the foundation is not rigid, 
as no great weight is to be borne, and the wearing surface is not thick 
for the same reason. To prevent a sidewalk being one slab and conse- 
quently breaking when slightly moved by expansion of subgrade, joints 
are placed about 5’ apart along the sidewalk. These should be com- 
pletely through the sidewalk so that each small slab can be raised by 
changes in temperature of subgrade without raising the adjacent slab or 
causing it to crack. 

2223. The care of city pavements is more expensive than the care of 
highways. They must be kept cleaner and in better repair. Also an 
additional espense arises from the constant tearing up of pavements 
for laying of pipes or sewers. This expense is considerable: in Boston, 
a count shows that about 15,000 such openings are made each year. 
Most of them do not occupy the entire width of the street, but their 
total dimensions in direction of traflBe were 33J per cent of the length 
of the city’s streets. Of course the tom place is renewed without expense 
to the city, but the new pavement rarely fits well with the old and the 
city is put to additional expense besides losing the tom area for a short 
time. 
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2224. Pavements next to street-car lines are quickly worn out by 
the shock of the moving cars. Special paving is therefore laid next to 
the car tracks. Payment for this is usually required of the street-car 
companies. 


PARES AND PLAYGROUNDS. 

2225. Each city usually has at least one large park for general use of 
all of the inhabitants, and small parks with playgrounds for use of the 
people in their inunediate vicinity. Of the two, the small parks with 
playgrounds are undoubtedly the more valuable, and cities without 
them have in many cases been forced recently by public opinion to 
buy land and make them. 

2226. It appears that about 5 per cent of the area of a city should be 
set aside for local parks and playgrounds. William Penn, in his plan for 
Philadelphia, set aside about 4 per cent for this pinpose. His successors 
did not maintain these areas, and now only about 1 per cent is left: the 
result is that Philadelphia’s local parks are very inadequate and great 
expense will be necessary to make them adequate. 

2227. The size and location of the large park depends on the topog- 
raphy. In New York, it includes the rocks and difficult places: in 
other cities, it includes the streams, where building sites-are not so satis- 
factory. However, the large park must include areas suitable for athletic 
fields and public assemblages. These are often in separate parks, making 
two or more large parks in the city. 


BUILDINGS. 

2228. Each city of any importance has a building code of its own. 
All of these codes are similar, prescribing allowable strengths of materials, 
materials which may be used in different zones, wind and snow loads anci 
heights of buildings in the different zones. City building inspectors 
cheek the plans of proposed buildings and inspect them during con- 
struction to see that they are safely constructed in accordance with 
established principles of engineering. 

2229. Safety against the commencing and spreading of fires is one of 
the most important requirements of the building code. In certain 
zones most of the materials of construction must be non-inflammable, 
so-called “fire-proof”. The principal requirement is that the framework 
shall not be of wood. 

The heights of buildings are prescribed in all zones. Roughly the 
height of the building must not be greater than the width of the street. 
This results also in improvement of appearance. Under its zoning 
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regulations, Washington City is divided into four districts with respect 
to height of buildings. These districts are: 

а. 40' districts, for buildings not over 40' or over 3 stories 

high: these districts contain the small one-family houses. 

б. 60' districts, for buildings not over 60' or over 5 stories 

high: these districts contain the small apartment houses. 

c. 90' districts, for buildings not over 90' or over 8 stories 

high: these districts contain the large apartment houses 
and lower industrial structures. 

d. 110' districts, for buildings not over 110' high : these dis- 

tricts contain the high office buildings and high industrial 
structures. 

There are certain rare exceptions to these height limits, each exception 
being granted only after special consideration. 

2230. In planning public buildings, special allowances are made. 
Preferably such buildings are erected in parks so that extra space will be 
available around them. Also, as these buildings are usually of greater 
architectural merit, the street system is often so arranged that the public 
building is the center of view from several approaches. 

PUBLIC UTILITIES. 

2231. In some cities, the public utilities are owned by the city: in 
others, they are owned by private capital. In either case, they should 
be controlled for the benefit of the public by regulations and laws govern- 
ing their operation. 

2232. Light, Heat, and Power. — Standardization of electric current 
is preferable for general purposes: yet there are so many needs for 
special lighting or heating or power that both direct and alternating 
currents are foimd in all large dties. For lighting and for ordinary 
household uses, 110 volt, 60 cycle alternating current is generally used. 
For outlsnng districts, alternating current is always used, as it can be 
transmitted at high voltages for great distances much more cheaply and 
then stepped down to 110 volts AC for household use. This plan also 
applies to motors in these districts, even though direct-current motors 
especially in small sizes are somewhat more efficient. In central and 
closely settled districts, direct current is a little cheaper; but in small 
cities this slight advantage does not overcome the disadvantage of having 
two systems, two sets of generators, two sets of wires, and two ss^stems 
of supplies for users. Therefore, the tendency at present is to place 
more and more reliance on the alternating current S 3 ?stem, and one system 
is preferable for small cities. 
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2233. Regulations cover the insulation in buildings and transmission 
through the streets. In buildings, the wires must be visible or at least 
easy of access: each wire must be covered with prescribed insulating 
material and supported by porcelain or other insulated knobs. In the 
streets, the wires may be overhead or undergroimd. The overhead system 
is cheaper but is exposed to interruption by storms, snow, or accidents. 
The underground S3rstem requires a trench in which the wires may 
be placed directly if covered with sufiScient insulation, or conduits of 
wood or fiber may be laid and the wires drawn through them. The 
latter system is preferable. 

2234. Gas for lighting is being replaced by electricity; in fact, it has 
been replaced altogether for this purpose except in localities where 
natural gas is abundant and very cheap. However, it is much cheaper 
for heating and it is extensively used for cooking and for furnaces. The 
first cost of installation of pipe is greater than for electricity, and for 
sparsely settled suburbs, the cost of the necessary pipe system is pro- 
hibitive. 

2235. Water Supply. — ^This must be sufficient in quantity: and the 
principal difficulty in connection with city water supply is the prevention 
of waste so that the supply may be always sufficient. Even if the supply 
at first is more than sufficient, it will soon cease to be so unless regula- 
tions are enforced to stop leaks, breaks, and carelessness in use. 

The source of water supply is usually a reservoir from which the water 
is led into the distribution pipes. This is often supplemented with 
cisterns and wells. As the reservoir water can be more properly con- 
trolled and purified, it is customary to forbid the use of these local 
supplies when the water pipe system is laid to these sections. 

2236. The pressure of water at the street level varies between 40 and 
110 pounds per square inch. A higher pressure will burst the pipe 
system; a lower pressure will not force water to the top floors of the 
houses. Also, a lower pressure renders the system practically useless for 
fire purposes without fire-engines: yet, as fire-engines should be available 
for throwing water to such heights as necessary, the pressure for fire 
purposes is not a primary consideration. 

2237. Waste Disposal and Sewerage. — ^The amount of waste of 
every sort, including liquids, in a city amormts to about a ton per day 
per person. The greater part of this goes through the sewers; but much 
of it consists of ashes, papers, refuse, and garbage which must be taken 
away by special arrangeirients. In some cities, this removal is done by 
city employees; in others by contractors paid by the city; in still others, 
by licensed scavengers paid by the individual householders. Most of 
such waste can be burned: but there is always enough waste even from 
incinerators to make the di^osal of it a difficult problem. In coast 
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cities, it has been carried to sea and dumped overboard, but this was not 
satisfactory. Generally, valueless or cheap land is set aside as a dumping 
ground. 

2238. Sewers are discussed in a separate chapter. In large cities, 
the sewers vary from 4^' at a house outlet to many feet in diameter for 
the main sewers. Efforts have been made to place gas pipe and electric 
wires in these large sewers, so as to save the trouble of tearing up streets 
for changes or repairs of these lines, but results have generally been 
declared unsatisfactory, principally because of initial expense in construct- 
ing sufficiently large sewers. 

The largest city sewers are enormous. In Paris, the largest sewer is 
30' in breadth by 16' in height, in a system of 725 miles; the largest 
sewers in Paris carry the gas pipes and electric wires. 

2239. Street-cars. — Special track construction is necessary: rigid 
car tracks are best for the pavement but are hardest on the passengers. 
Concrete and metal ties have been tried, placed on concrete or ballast 
foundations. European practice now uses these ties, placed usually on 
concrete foundations; but (Pigs. 2239A and B) American practice calls 



Fi£. SSS9 A Street-car track ooDstrucUon 


for wooden ties laid on a veiy well jjacked railway ballast. The rails 
are preferably grooved girders as in the figures, thus fitting better with 
the adjacent pavements, though traffic wears them out more quickly. 



m. tSS9 B 


, AapKaU Bloclc'. 
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Streetcar track ca>nstnictlcii 


The pavement is laid between the tracks with concrete foundations as 
elsewhere: and the rails are grouted to this concrete foundation, thus 
providing more rigidity. With sheet pavements, blocks are laid next 
to the rails where the shock is greatest. 
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2240. For many years, except in a few of the largest cities, the trans- 
portation of the public has been accomplished by surface cars. Later, 
because of the introduction of elevated lines and more especially of sub- 
ways in the congested areas, and because of the extensive use of the 
automobile, the surface car has been losing ground. Even with the skip- 
stop which has been almost universally introduced to speed up traffic, 
the surface line is slow and tends to delay vehicular traffic. The mini- 
mum time between cars is 20 seconds in New York and 30 seconds in 
Washington. The subway, the elevated, and the fast suburban trains 
with an uninterrupted right of way, can run more closely and are not 
delayed by cross traffic. With their multiple car trains, permanent 
stations and loading platforms, and speedy service, they are at present 
the only solution for the greatest traffic. 

Motor busses are growing rapidly in favor. At the present time they 
usually have a slightly higher fare than the surface cars, but they are 
faster, more comfortable, and do not slow up automobile traffic. The 
busses usually pay less to the city in taxes, but this is gradually being 
adjusted. In 1923, the street-car companies in Washington, D. C., 
paid much more tax per revenue passenger than the bus company. 
However, a gasoline tax of two cents per gallon has been initiated, so 
that this discrepancy will largely disappear. 


WHARVES. 

2241. In the interior of harbors and on navigable rivers, bulkhead 
and pierhead lines are established by the United States Government. 
The bulkhead line is the line to which solid or solid-filled structures may 
be built. The pierhead line is the line to which open or pier structures 
may be built, and beyond which is the fairway for movement of vessels. 
The bulkhead line is usually the line of mean low tide, as it is desired to 
allow no obstructions to the natural flow of water in the channel. 

2242. Piers should be long enough to berth the longest ship to use 
them; and should be so spaced that two ships, one alongside each pier, 
may be accommodated in the slip. The width of piers depends upon 
the use to which they are to be put, and varies from 40' to 100' to 250' 
in extreme cases. The live loads in design are quite large, 600 pounds 
per square foot being the average, special designs being necessary for 
railway tracks and heavy cranes. 

For more detailed information see 

Principles and Methods of Municipal Administration, Munro 

City Planning, Robinson 

Conomission Government, Bradford 

Reports of the Commissioners of the District of Columbia 
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PROBLEMS. 

P. 2201. Calculate the exact percentage of street area in a square mile of the rect- 
angular system of New York City streets, assuming each street to be 66' wide and that 
there are no diagonal streets. 

P. 2202. Same for Philadelphia. 

P. 2203. Same for Washington lettered and numbered streets, assuming one avenue 
(diagonal) across the center. 

P. 2204. Compare the distance via street from one comer to the opposite comer in 
the three cases above, 

P. 2205. What is the height to which water will ascend from a 60 pound per square 
inch pressure in the street. Disregard friction. 

P. 2206. Same for 40 pound pressure. 



CHAPTEK XXIII. 


CONSTRUCTION EQUIPMENT. 

2301. In every engineering enterprise, construction equipment in- 
volving the use of power driven machinery is essential to a systematic, 
economical and speedy completion of the project in hand. No fixed 
rules can be given, however, as to the most economical form of power 
to be used. This will be a function of many elements largely dependent 
on the conditions imposed by the location and accessibility of the site 
of the construction work, the feasibility of transporting fuel, and, in 
general, the kind of project. The best choice may be steam, .gasoline, 
gas, electric, or water power, or any combination of these with mechanical, 
pneumatic or animal power. This wide choice as to the source of 
power enlarges the field from which the construction engineer or con- 
tractor may select equipment to meet his need in each individual enter- 
prise. The selection of construction equipment therefore becomes a 
matter largely dependent on the experience and personal preference of 
the contractor, and, with the advance in methods of construction and 
consequent continued improvement in construction equipment, it 
necessitates his keeping thoroughly informed as to the types of modem 
construction equipment available. 

However, the scope of the work will govern the extent of the plant 
required. Often, young engineers on small construction projects, in- 
^ired by too much enthusiasm, build up plants to aid in construction 
which could have been accomplished with little or no machinery and in 
less time than was needed for the eonstmction of the plant. Hence, a 
careful study must be made to decide the character of plant which will 
effectively perform the required work at least net cost of the structure 
plus the original cost of plant less its selling value at the close of con- 
struction operations. 


CLASSIFICATION. 

2302. In its most general classification, construction equipment may 
be grouped according to the operation in which it is us^. We shall 
tiherefore consider it as being divided into 
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(1) Power Producing Equipment. 

(2) Equipment employed in Excavation (tunneling, shafting, 
boring, drilling, dredging). 

(3) Crushing Equipment. 

(4) Lifting and Handling Equipment. 

(5) Hauling, Conve 3 dng and Distributing Equipment. 

(6) Concrete Mixing Equipment. 


POWER PRODUCING EQUIPMENT. 

2303. Of the power producing engines available, the steam engine, 
gasoline engine, and electric motor are the types usually employed. The 
principle governing their operation is well known; the economics of 
their operation is beyond the scope of this text. On construction work 
these engines are of a simple type, preferably light enough to be 
readily transported from place to place on the job. Heavy equipment 
having to do with the utilization of power is generally provided with a 
complete power unit forming an integral part of the equipment itself. 
Thus we find steam shovels, cranes, road rollers, concrete pavers, all 
operated xmder their own power. 

2304. Steam Hammer. — Chapter XIII on Foundations gives a 
detailed discussion of the steam hammer used as a pile driver. This 
is an example of the application of steam to develop a driving force 
rapidly and repeatedly applied. The same end is also accomplished in 
smaller hammers by compressed air. 

2305. Air Compressors. — ^Air compressors may also be considered 
in the nature of auxiliary machines developing their own form of energy 
from power of another source. They are usually run by gasoline-engines 



Fig. esos jt Portable Gasoline-Driven Air Compressor 
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mounted with the compressor on a carriage which may be freely moved 
from place to place. This obviates the necessity for an extensive piping 
system to coimect with the implements (drills, hammers, riveting ma- 
chines, and other pneumatic tools) utilizing the air. Fig. 2305A shows 
a portable gasoline driven air compressor consisting of engine, compressor 



fig. ZBOS B Mine-Type Electric Compressor 


and air tank. Smaller sizes may be had of many different types, varying 
with the make of the machine. Compressors driven by electric motors 
moimted on small wheeltrucks are considerably less bulky and can be 
carried up very near to the work in hand, obviating the necessity for a 
long piping system to deliver the air (Fig. 2305B). 


EQUIPMENT USED IN EXCAVATION. 

2306. Steam Shovel. — The steam shovel is employed in the excava- 
tion of earth and loose rock. As shown in Fig. 2306A, this consists of a 
steel plated, steel toothed scoop called a “ dipper ” attached to the end 
of a long arm by means of which the dipper may be forced into the earth 
at the saime time that it is lifted up by a hoisting cable, thus causing 
a scooping effect which fills the dipper with the material undergoing 
excavation. The dipper arm is supported by a boom, which, at its lower 
end, is connected to a platform. This platform carries a cab, housing a 
steam boiler and engines which provide power for hoisting, swinging 
the dipper, and “ crowding ” (forcing dipper into the earth). The 
crowding engine is shown on the boom in the figure, its gears in 
mesh with a rack on the dipper arm. When the dipper is full, the 
platform is revolved on its base, swinging the dipper to a position 
above waiting trucks or wagons. It is lowered to a convenient height 
above these, a door in' the bottom of the dipper is released and its 
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contents emptied into the waiting trucks. This operation is then re- 
peated; and the amount excavated may average fifty or sixty cubic 
yards of material per working hour. After a section is excavated, the 
steam shovel is moved by its own power to another portion of the em- 
bankment. The shovel shown in Mg. 2306A is provided with a cater- 
pillar mounting, which type of traction enables the shovel to move up 
quickly without any planking, and also enables it to climb grades even 
up to 30 per cent. 



Fig. 2306 A. Steam Shovel 


2307. Dragline Excavator. — Dragline excavators are similar to the 
steam shovel. In dragline excavators, however, the dipper and dipper 
arm of the steam shovel are replaced by a cable carrying a heavy toothed 
scoop which is dragged along the material to be excavated and is filled 
up by reason of its own weight and sharp lower edge. They are ob- 
viously limited in their use to excavation work which is comparatively 
shallow and level, whereas the steam shovel may be used in excavation of 
side slopes practically vertical. The latter may also be controlled with 
far greater accuracy as regards the limit and grade of the excavated dope. 

2308. Excavation of Earth in Road Construction. — In the excavation 
of earth in road construction, many forms of scrapers, graders, etc., 
are available. These are employed in the preparation of the earth 
subgrade, after which it is compacted by the use of road rollers, which 
are merely heavy rollers moving under their own power and wide enough 
to properly distribute their load. 

:^09. Excavation of Solid Rock. — In the excavation of solid rock as in 
tunneling, drills and blasting equipment are necessary, the type of drill 
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bit used being suited to the quality of the material excavated. The 
principal kinds of drills employed include hand hammer drills, mounted 
hammer drills, electric air-drills, chum drills, and core drills, together 
with many special kinds of deep well drilling machinery and their 
accessories. 

2310. Hand Hammer DriUs . — ^Hand hammer drills are employed in 
shaft sinking, tunneling, trenching, mining, quarrying, and general 
utility work of contracting. They are economical in their operation, 
easy of manipulation, portable, durable and rapid in their action. They 
are available in several sizes whose depth capacities range up to twenty 
feet, each size being especially favor^ for its own particular type of 
work. Compressed air being the usual actuating power for these drills 
and conveniently available, the drill steels are made hollow and a blower 
tube is provided which sends an air jet through the drill to the cutting 
point. This acts as a blower to remove the rock dust and chips from 
the bottom of the drill hole during the operation of drilling. Similarly 




^sio Rotating Hammer Drill 



c 


a water jet device is used in combination with air. The \Vet method 
is employed in underground work* while the dry method is generally 
used in outdoor work. In Fig. 2310A is shown a Rotary TTatTinn.r Drill 
and in Fig. 2310B, a diagram of its parts in <2oss-section. This drill 
is of the reciprocating piston type, its rotating mechanism being shown 
in Fig. 2310C. The blower tube may be seen passing through the center 

* Dust is thereby avoided. 
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of the drill. For xise in the wet method this would be connected to a 
tube' from a water tank and the water introduced under a pressure 
regulated by a needle valve in the top head of the drill. 

2311. Mounted Drills. — ^Moimted hammer drills are similar in principle 
to the hand drills, being especially adapted to drilling horizontal holes 
and deeper vertical holes than the hand drills. They may be mounted 
on tripod mounts or on columns or bars clamped into position between 
projecting ledges of rock, thus forming a substantial support for the drill. 
Tripod mountings are more or less obsolete in present day construction 
work, the column mountings being adaptable to drilling under conditions 
in which the tripod could be used and also to drilling for which the tripod 
is not suitable. Fig. 2311A shows a column mounting. 



Fi^. esii J Column Mounting 


2312. Electric Air Drill. — Another type of drill called an electric 
air drill is supplied with compressed air by an electric pulsator. The 
system consists of a closed air circuit connecting the pulsator with the 
drill by two tubes, each alternately acting as supply and exhaust, a 
constant compression being maintained by compensating valves. 

2313. Churn Drills. — Chum drills are operated by a drilling machine 
fitted up with a derrick, cable, pulleys, etc., and a power unit which 
raises and drops the drill, thus producing a chximing effect from which 
the name is derived. These drills are to be had with depth capacities 
running as high as several thousand feet. 

2314. Core DriUs. — ^Diamond drills are a type of core drill utilizing 
diamonds as the cutting tools. In Rotary Shot drills, steel shot re- 
places the diamonds, acting on the same principle. Core drills are 
discussed with Wash Borings and Augers in Chapter XIII on Founda- 
tions. 

2315. Drill Sharpening and Repair Machinery. — ^Drill sharpening 
and r^air machines axe, of course, necessary to the contractor who has 
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a large amount of drilling to do. Numerous types are procurable on the 
market, as well as many tsrpes of special drills not dealt with herein. 

2316. Underwater Eoxavation . — ^Underwater excavation involves the 
selection of equipment to conform to the special method adopted in 
dealing with the problem. Several methods are given in the Chapter 
on Foundations. 

2317. Dredging . — ^Dredging is a method in favor where the excavation 
is carried on over a considerable area as in the deepening of channels. 
A Dipper Dredge consists of a barge equipped with a steam shovel built 
on large proportions in order to meet the requirements of deep dredging. 
Bucket Dredges use a chain of buckets for the hoisting of the dredged 
material. Clamshell Dredge, Orangepeel Dredge, etc., are names in- 
dicating the t3q)e of container used with derrick equipment to accomplish 
the dredging. 

2318. Hydraulic Dredging . — ^Hydraulic dredging is used in the under- 
water excavation of material such as sand and gravel or material which 
has been broken up into comparatively small fragments. In this method, 
pumping machinery is employed as a part of the equipment on the 
dredge boat. The end of a pipe line is brought into contact with the 
material and an “agitator” stirs up the material. The pumps draw 
water through the pipe line and this force draws the agitated material 
from the bottom along with the current of water, and through the pipe 
line. The material may be thus piped to waiting barges where the solid 
material sinks and remains in the barge while the water overflows, or 
it may be piped ashore to any desired dumping site. The latter method 
has been found economical in filling in marsh lands and extending prop- 
erty out to seawalls by a “hydraulic fill” composed of the material 
dredged from the bottom of the channel. It has been extensively em- 
ployed by the Corps of Engineers in reclaiming Government shore lands 
and extending harbor fronts to previously built sea-walls. 


CRUSHING EQUIPMENT. 

2319. In modem engineering, crushed rock enters into nearly eveiy 
type of constraction work with which the civil engineer has to deal. The 
crushing equipment, when completely installed, comprises crusher, 
conveyer, separating screen, and storage bin, with an engine to furnish 
the motive power. 

2320. Rock Crusher. — rock crusher consists of a substantial metal 
housing containing a crushing mechanism usually operated by a belt 
drive connected to the flywheel of a steam engine. This mechanism is, 
in principle, merely the application of sufiicient compressive force to 
overcome the internal resistance of the material, thereby crushing it 
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into smaller fragments. The smaller stones, emerging from the crusher, 
are caught and carried up by a chain of buckets into an inclined, revolv- 
ing cylindrical or conical screen perforated with holes of graded size. 
The small stones pass through the nearest holes in this screen, medium 
sized stones are carried on down to the next sized holes, and so on Avith 
the several sizes. A bin forms the support to the screen and catches 
in each of its partitioned compartments a single graded size of stone. 
Fig. 2320A shows a crushing plant and accessories. The bin is seen to 



be provided with small chutes, which when raised allow no crushed 
stone to ©merge from its side openings. The bin is elevated in order that 
wagons may pass underneath the chutes, the loading being then effected 
by the force of gravity when a chute is lowered. Rock crushers are of 
many types, with crushing mechanism ranging from revolving discs, 
hinged hammers and oscillating jaws to corrugated gyratory cones. Of 
these, the two principal types are Jaw Crushers and Gyratory Crushers. 

2321. Jaw Crusher . — A typical crusher of the jaw t 3 rpe is shown in 
section in Fig. 2321A. Stone is fed into the opening between E, which 
is a corrugated stationary jaw, and C, the movable jaw. The latter is 
given an oscillating motion by the cam I which is rotated on the belt- 
wheel shaft H. This grinds the stone between the jaws until it is broken 
into pieces small enough to drop through the opening at the bottom of 
the javre, which may be adjusted to produce the desired size of stone. 
The principal disadvantages of this t 3 T)e of crusher are its limited 
capacity and the lack of uniformity in the size of its output. Below a 
capacity of twelve tons per hour, however, jaw crushers weigh less and 
are cheaper. This tjTpe is in general use, therefore, where the output 
is not necessarily of great volume and where a high percentage of uni- 
formity in the size of the stone crushed is not essential. These dis- 
advantages are to a great extent eliminated in the gyratory crusher. 

2322. Gyratory Crusher . — A gyratory crusher is shown in Figs. 2320A 
and 2322A. In the sectional view (Fig. 2322A), the main shaft is shovm 
supported by a bearing centrally located above the mouth of the crusher 
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and sustained by a yoke. The lower end of this vertical shaft is carried 
by a bearing and collar eccentrically mounted on a bevel gear. Power is 
supplied by a belt drive to the pulley on the horizontal shaft, thence to 
the horizontal bevel gear. Thus the vertical shaft, with a fixed center 
at its upper bearing and a rotating center at the lower, is given a gyratory 
motion. The “ crushing head,” shaped like the frustum of a cone, is 
carried on the shaft and rotates with it. The opening between the 
crushing head and the “concaves” of the crusher therefore changes 
from its maximum, and vice versa, with each gyratory revolution of the 
shaft. The crushing head is adjustable, thereby governing the size of 
the output. In the installation of the crusher, a platform is built on a 
level with the brim of the hopper, and a ramp, built up to this platform, 
allows laborers to wheel loads of uncrushed stones up to the crusher. 
(See Fig. 2320A.) 


LIFTING AND HANDLING EQUIPMENT. 

2323. Of the lifting and handling equipment used in engineering con- 
struction work, the following list includes the principal types: 

Derricks, Guy 

Stiff Leg 
Bull Wheel 
Cranes, Locomotive 
Crawler 

Bucket Handling 

Transfer 

Jib 

Pillar 

Bracket 

Electric Traveling 
Gantry 

Lifting Attachments 
Hoists 

2324. Derrick. — ^The derrick is an apparatus whose purpose is the 
lifting and handling of heavy weights, such as machinery, equipment, 
supplies and engineering materials of all kinds. It consists of a central 
mast supported in a vertical position by braces or guy wires, and a 
boom, connected to the mast at the top by means of blocks and tackle 
and pin-connected at the bottom as shown in Fig. 2324A. The boom 
carries a second set of pulles^s suspended from its free end, to which a 
hook, bucket, lifting magnet, or other lifting device may be attached. 
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The base of the mast may be fitted with a bull wheel as shown in Fig. 
2324A, which is revolved by means of cables wound on a drum of the 
engine. In the stiff leg derrick, the boom and weight can obviously be 
swung only within the limited space between the legs. In the guy 
derrick, however, in which guy wires replace the braces of the stiff leg 
derrick, the boom may be swung through a complete circle provided 
only that its tip is dropped low enough to clear the guys. Thus the 
range of its utility exceeds that of the stiff leg derrick. 



Fig. 33U A Stiff Log Dori’ick 


2325. Crane. — The crane is a hoisting apparatus similar in principle 
to the derrick but different from the derrick in that it is mounted on a 
movable base usually carrying its own power. It is therefore capable 
of moving horizontally so that it may deposit its load at any point. It 
is of wider application, generally of greater lifting capacity, and of greater 
efficiency than the derrick. 

Cranes will hoist or lower the load, rotate in either direction, and 
travel in any direction, and are also provided with mechanism for raising 
and lowering the boom. All these operations are controlled from the 
operator’s platform, through levers, so that it is possible to secure very 
fast operation by properly coordinating the various motions. For 
instance, when using a grab bucket, for imloading from cars and deliver- 
ing to storage, or for reclaiming from storage and delivering to ears, 
trucks, or other similar units, it is possible to so coordinate the hoisting 
and rotating motions as to be able to operate at as fast a rate as 2 to 3 
complete trips per minute under favorable circumstances. 

2326. Locomotive Cram . — ^The locomotive crane is a locomotive 
equipped as a crane built to travel on rails. Fig. 2326A gives a typical 
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example of such a crane. The locomotive crane is usually furnished 
either of the eight wheel double track tj^je or the four wheel type, for 
operating upon standard gauge railway track, but is also made with 
wider bases (requiring extra track), to increase the stability of the crane 
when conditions make this advisable. The standard gauge cranes are 
usually furnished with booms ranging in length from about 40' to 75' 
although this can be varied within certain limits to suit the work. These 
limits vary from 12' to 40' on small cranes, running up to 75' on the 
largest cranes. 

The lifting capacities of large cranes run from 7000 poirnds at the 
maximum radius (when boom is horizontal) to 80,000 pounds or there- 
abouts at the minimum radius (when boom is vertical). The maximum 
capacities vary inversely with the radii of the booms. Thus, in the small 
cranes, the maximum lifting capacity runs from 5000 to 6000 pounds at 
the largest radius to 32,000 pounds at the smallest radius. 

2327. Crawler Crane . — ^There is also an increasing demand for revolv- 
ing cranes moimted upon crawler treads. These cranes, on accormt of 
operating upon all kinds of soft and hard ground, climbing over ob- 
structions such as railroad tracks, etc., are necessarily made as light as 
possible, many parts of the crane, such as the crawler treads, being made 
of special alloys in order to provide the desired combination of light 
weight and ample strength. The crawler crane is usually furnished with 
gasoline engine drive, which has been found to be the most economical and 
flexible for most conditions under which this type of crane is operated. 

2328. Either the locomotive crane or the crawler crane can be equipped 
with grab bucket for handling sand, gravel, coal, cement clinker, 
crushed stone, ashes, refuse, and other bulk materials; or they can be 
equipped with hook or hook block for handling miscellaneous light and 
heavy loads, as well as with lifting magnet for handling magnetic ma- 
terials. They are also sometimes equipped with special attachments 
so that they can do the work of pile drivers, steam shovels, dragline 
buckets for stripping operations, etc. 

2329. Bucket Handling Crane . — Bucket handling cranes (Pig. 2329A) 
are cranes adapted to the handling of material by some form of bucket. 

2330. Transfer Crane . — ^Transfer cranes are those used in transferring 
articles from one carrier to another, such as overhead cranes for unloading 
freight cars and loading others. 

2331. Jib Crane . — Jib cranes consist of a "jib," or projecting arm, 
connected to a pivoted vertical member around which it may be swung 
laterally. A type of jib crane is shown in Fig. 2331A. 

2332. Pillar Crane . — In pillar cranes, the vertical member is a self- 
supported pillar which revolves upon its base through a complete circle. 
These are mainly used in docks and yards (Fig. 2382A). 
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ng. esst A Pillar Crane 

QaurUty tthUing Ourporatitn 


2333. Bracket Cram . — ^Bracket cranes are supported by wall brackets. 
Their use is mainly indoors in shops. 

2334. Electric Traveling Crane . — ^Where very heavy loads are dealt 
with, as in power plants, structural shops, ship-yards, etc., electric 
traveling cranes are usually employed (see Figs. ^34A and B). They 
consist of built up girders securely mounted at each end on bridge trucks 
running on rails which are carried on the side walls of the building. The 
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girders carry a track on which run one or more trolleys. Prom the 
trolleys, the lifting equipment is suspended by cables and pulleys. Power 
is furnished by an electric motor to a shaft geared to the wheels of the 



Fig. A 

Electric Traveling Crane 

Courtesy Whiting Corporation 



Five 10-Ton Whiting Klectric Traveling Cranes on One Kunway, /50-Ft. fcJpan 
Watertown Ai'senal,' Watortown^Masa. 


Fii. B 

bridge trucks. The crane is operated from a suspended cage containing 
all the controls for the entire medianism. Suitable safety devices are 
installed to protect the operator and to guard against possible injury 
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to the crane due to failure to shut off the controls before their limits of 
operation are reached. 

2335. In lifting and moving a load, the bridge drive is set into opera- 
tion, moving the crane to a position in the ^op directly over the load 
to be lifted. The trolleys are then run out to a suitable position and 
their lifting devices lowered and hooked up to the load. The motors 
controlling the lifting are then operated, raising the load to a suspended 
position. The bridge drive, again set into operation, moves the crane 
with its load to another portion of the shop, where the load is lowered . 
to the desired position. 

2336. The electric traveling crane is adaptable to a wide range of 
service and is the type most commonly used in foimdries, steel mills, 
machine and structural shops, forge plants, power and coaling stations. 
Every engineer, in designing power plants, ^ops, etc., must include in 
his design adequate apparatus for lifting and handling all heavy ma- 
chinery which is to be installed in, or which may be manufactured in, 
the building, whether such installations are permanent or temporary. 
Electric traveling cranes are very generally included as a part of this 
apparatus. 

2337. Gantry Cranes are cranes operating on tracks and supported by a 
gantry; i.e., by a framework or scaffold built for the purpose of raising 
the crane runway to an elevation above material which the crane is 
designed to handle (Fig. 2337A). The gantry may be in many forms. 
In general construction it is similar to the overhead traveler, but runs 
on the ground and the travel mechanism is operated by means of bevel 
gears and vertical shafts on the legs. Often one leg may be omitted and 
one end carried on a nmway along a building wall as shown in Fig. 
2329A. Gantry cranes may be made to serve areas outside their tracks 
by having cantilevers at one or both ends (Fig. 2329A). Gantry cranes 
are particularly adapted to outdoor service, where overhead runways 
would be expensive or otherwise undesirable. , The track for a gantiy 
crane may be readily extended, and when necessary the location may be 
completely changed without much trouble or expense. 

2338. Some of the American terminals in France were equipped with 
types of Gantry Wharf Cranes spanning three railway tracks as shown in 
Fig. 2337A. The cargo is unloaded by the cranes and loaded into 
freight cars, or placed at the rear of the docks whence it is moved to ware- 
houses until shipment. These cranes proved to be rapid unloaders of 
the miscellaneous cargo used by the U. S. Army in Prance. 

2339. Lifting Attachments. — ^Lifting attachments used in conjunction 
with cranes and derricks include buckets of several types, which sink 
into the material by their own weight, scoop it up when hoisted, and 
release it automatically (Figs. 2339A and B); slings, hooks, tongs, and 
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grapples, each suitable for its own special kind of work; and lifting mag- 
nets, whose lifting force is due to the attraction induced by an electric 
current passing through a solenoid (Pig. 2339C). The distinguishing 
characteristics of these lifting attachments, as well as their method of 
operation, will be obvious from an examination of the figures. 



Fig. ZS39 B. Orange Peel 



BSS9 C Lifting Magnet 

Courtesy Link -Belt Co. 


2340. Hoists. — ^The principal ts^pes of hoists are Builders' Hoists, 
Elevators, and Jacks. 

2341. BuMers’ Hoists. — ^Builders' hoists comprise a boiler, engine, 
winding drums, gearing, and controls, all mounted as a unit on the same 
base. Such a hoisting engine is shown in Fig. 2341A. It is a double 
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cylinder, friction drum, link motion, portable engine designed for small 
cableways, general contractors’ work, etc. Its winding drums are con- 
trolled by levers fitted with thumb latches engaged with notched quad- 
rants. The type of engine shown may be had in sizes developing up to 
50 horsepower, with a lifting capacity of 6500 pounds on a single rope. 
Other engines develop over 100 horsepower and up to about 10,000 pounds 
lifting capacity. 



Fig. S'Ui Builders Hoist 

'Cwrtetif S. Flory Mfg. Co. 

2342. Material Elevators. — Builders’ material elevators are simply- 
constructed elevators consisting of a platform reinforced with iron. 
They are used for hoisting materials from the ground to an elevated 
part of a structure in process of erection. Often these platforms are 
double, one descending as the other is raised, the lower being then loaded 
as the upper one is discharged. Elevators mqy be operated by several 
different sources of power, such as steam, compressed air, electricity, 
etc., but the type mentioned above, the builder’s hoist, is most used in 
the lighter service of general contracting. 

2343. Screw Jack . — The lifting jack is a screw jack operated by a 
bevel or worm gear similar to the familiar type of automobile jack. 
Fig. 2343A shows a jack obtainable in sizes lifting up to 100 tona It is 
designed to be portable, and to sustain its load at any position without 
backing down. Jacks of this sort in the standard sizes are limited in 
their elevating ranges to about two feet. 
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2344. Hydraulic Jack . — In heavy work, hydraulic jacks are also used. 
The principle of their operation is the equal transmission of water pres- 
sure in all directions: so that a unit pressure over a small area, thus 
requiring a small total pressure, will cause the same unit pressure over a 
large area, thus providing a large total pressure. This is explained in 
paragraph 523. 


HAULING, CONVEYING, AND DISTRIBUTING EQUIPMENT. 

2345. The transportation of fuel, material, equipment, and supplies, 
may be effected by many methods; the selection of equipment therefore 
being, as with any operation involved in construction work, dependent 
upon conditions imposed by circumstances attending the particular 
project under consideration. Dump cars, automobile trucks, railway 
cars, wheel-barrows, carts, wagons, and tractors drawing trailers, are all 
useful agencies in systematically and economically effecting the operation 
of hauling. No exact distinction can be made between hauling, con- 
ve3dng, and distributing, nor between these and operations previously 
discussed in this chapter. Equipment used for one is very often essential 
in another operation. Thus, if hoisting equipment is combined with a 
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cableway on which an excavating bucket is carried, both together form 
a method of excavating, hoisting, conveying, handling, dumping, and 
distributing the excavated material. 

2346. Belt Conveyor. — ^Belt conveyors may be utilized to accomplish 
the handling of some materials. These conveyors consist of wide belts 
carried on revolving rollers. The material to be conveyed is continuously 
loaded at one end and discharged at the other. 

2347. Bucket Elevator. — Geared bucket elevators may properly be 
classified as elevating conveyors. They comprise a series of cups, at- 
tached to a belt or otherwise linked together, meshed with power driven 
gears which cause continued upward movement during which the cups 
are filled at the lower end and discharged above. This type of elevating 
conveyor is shown in the crusher plant in Fig. 2320A. 

2348. Cableways. — Suspended cableways are used in many projects. 
They may cover large areas with slight variation in their position. It is 
usually expedient to erect, at each end of the cable, a tower support of 
steel or wood, the ends of the cable being anchored in the ground. The 
cable itself carries a runner supporting some form of lifting attachment 
controlled by a hoisting engine located at one of the supporting towers. 
Often one tower is moimted on a base moving on tracks laid on a curve 
whose center is the stationary tower. When construction work is com- 
pleted on a sector between the temporary position of the movable tower 
and the center tower, the movable tower is run to another position on 
its tracks and the construction continued on the new sector between the 
two towers. Sometimes only one tower is used and the cable carriage 
and its suspended attachment run along the inclined cable by the force 
of gravity. Power is then applied only in operating it in the other 
direction. 


CONCRETE CONSTRUCTION EQUIPMENT. 

2349. In another part of the text is discussed the making of cement 
concrete, the proper proportioning of its ingredients, the various kinds of 
aggregates, and its wide usage in modem construction work. In the 
chapters on Foundations, Building Constraction, Bridges, Railways, 
Roads and Pavements, Water Supply, and Sewers and Sewage Disposal, 
concrete is seen to enter as an important part of each of these types of 
construction project. Its use is therefore varied and extensive and 
demands construction equipment designed to meet all these special 
requirements. 

2350. Concrete Mixers. — ^The use of concrete involves its prepara- 
tion, its distribution to the proper point, and its treatment after applica- 
tion, which operations as one item are included in estimates imder the 
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heading of cost of '^mixing, placing, and finishing.” Many types of 
concrete mixers perform merely the operation of mixing the ingredients. 
In road construction, however, in modem concrete paving machines, 
these operations are to a large degree accomplished by one machine alone. 

2351. Concrete Paver. — ^This usually carries a platform from which 
one operator controls its movements and operations. The cement, sand, 
and stone are dumped in proper proportions onto an apron receiver 
which is then elevated, forming a chute from which the material slides 
into a revolving drum. This is fitted inside with revolving blades whose 
relative motion is contraiy to the motion of the drum itself. Power is 
furnished by a gasoline motor which forms an integral part of the paver. 
Thorough mixing is accomplished in one or two minutes and the mixed 
material, now in the desired consistency by reason of a regulated addition 
of water during the mixing process, runs down a chute on the opposite 
side. This chute is swung back and forth at the will of the operator, 
thus distributing the concrete to the desired point of the road bed. 

2352. Template. — A template is a long plank or metal plate with its 
lower edge shaped to the crown of the finished road surface. Its ends 
rest on steel forms placed on each side of the road and set to the grade 
of the road. This template is gradually oscillated from side to side 
by a workman at each end, and, at the same time, given motion parallel 
to the center line of the road, which carries the surplus concrete before 
it, thus extending the finished paving. The paver moves along on its 
tractor wheels keeping pace with the advance’ in construction, thus mak- 
ing the operations described practically continuous. 

2353. Forms. — In all concrete construction work, forms for the con- 
crete are of course essential. These may be of timber or of metal. 
Timber forms are temporary in their usefulness and, due to warping and 
damage in removal, can seldom be used in more than one construc- 
tion. Steel forms are therefore used to some extent because of their 
permanency and availability for repeated use in many works. They 
are expensive, however, and their use is therefore hardly warranted by 
any but construction firms whose volume of business makes the use of 
steel forms eventually economical. 

2354. In massive construction work, there becomes necessary a dis- 
tribution system of wider range than any heretofore mentioned. Thus 
the ingenuity of the construction engineer enters into the problem, 
demanding a combination of the several types of construction equipment 
previously discussed which best suits the special conditions. 

In the construction of large fortifications by the Corps of Engineers, 
U. S. Army, the following method has at times been employed in effecting 
a wide range in the distribution of the concrete: 

A tower, mounted on a car platform, forms one support to a cable con- 
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nected to a stationary tower mast, whose base forms the center of a 
curved track on which the car runs. The construction takes place 
between these two towers. A bucket, carried on the cable su^ended 
between the towers, is so rigged by pulleys and cables that it can be 
lowered to a concrete mixer at the base of the stationary tower. Here 
it receives its charge of concrete, is then hoisted, run out to the desired 
point above the work and is lowered, dumping its contents into the 
forms at the desired spot. These having been filled, the car carrying the 
movable tower is run out to another part of the track and the operation 
continued. 

2355. Gravity Distribution. — In construction work involving the de- 
livery of concrete to several xmits grouped in the same vicinity though 



Fig. 2355 A. Gravity Distribution 


somewhat distant from each other, a gravity distribution plant is largely 
used. This comprises a steel or wooden hoisting tower, centrally located 
with respect to the several construction imits, and a system of inclined 
chutes radiating from this tower to the imit whose construction is then 
in progress (see Fig. 2355A). A concrete mixer, placed at the base of 
the tower, discharges its mised concrete mortar into a receiving bucket 
which is hoisted to the top of the tower and there automatically dumps 
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its load into a hopper. Prom this the concrete flows by gravity down 
through the chutes to the forms. When the concrete has set and the 
forms are removed voids may be found to exist. These are filled by 
spra3dng that portion of the structure with concrete mortar under pres- 
sure, for which purpose a cement gun may be used. 

2356. Cement Gan. — The cement gun is shown in Pig. 2356A. Its 
hopper is charged with dry sand and cement already thoroughly mixed. 



Cement Gun 

CowrUuy Cement-Gvn^ 00^ 


The dry mixture passes through a mechanism which feeds it continuously 
in small doses to a hose, through which it is forced by compressed air. 
At a nozzle on this hose water is combined with the dry mixture in a fine 
spray under regulated pressure. The material thus hydrated is therefore 
applied in a forced spray, which gives to the finished coating even a greater 
density than is obtained in poured concrete. 


CONCLUSION. 

2357. One needs only to glance at the many and varied types of 
construction equipment advertised in the current engineering periodicals 
to realize from how vast a field he must select certain machineiy to suit 
his purpose. In this selection, of course, no definite rules can be laid 
down. The construction engineer or contractor learns from his own 
observation, from his own experience, and from the records of the ex- 
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periences of others, as found in articles and pamphlets and journals 
published by the engineering societies, just what types of equipment 
most efficiently and most economically meet his needs. To “elude 
herein a complete discussion of every different kind of equipment which 
is available for use in engineering operations is beyond the scope of this 
textbook. For the details of this equipment the student should con- 
sult handbooks of construction equipment, of which there are on the 
market several standard works of recognized value. 

For such detailed information see 

Handbook of Construction Equipment, Dana 

Handbook of Reinforced Concrete Construction, Hool and Johnson 

Current Engineering Periodicals^ 

Catalogues of Construction Equipment 



CHAPTER XXIV. 
SPECIFICATIONS. 


2401. Definition. — ^Every engineering structure originates as a mental 
vision in the mind of some person who sees the desire for or the need of 
the structure. In order to transform that vision into a reality the 
engineer must take the necessary steps so that the project may he clearly 
and definitely expressed to those whose labor is necessary in all the 
operations involved in the realization of that project. 

2402. To thus express his thought, the engineer employs graphical 
symbols to as great an extent as possible. These comprise the plans, 
elevations, cross-sections, and all details of construction, consolidated 
into what are known as “plans." It is essential, however, to fully 
describe all details of construction which may not be adequately 
represented on the plans, and to give such specific directions as the 
designing engineer may see fit to give in order fully to carry out his ideas. 
These written directions constitute what are known as “ Specifications.” 

,2403. Specifications, then, may be simply defined as definite and 
sj^ecific descriptions of all the details of operation, construction and 
erection of a structure, and a complete statement of all directions govern- 
ing the execution of the design for that structure. 


EXECUTION or WOKE. 

2404. There are two general methods of executing an engineering 
project after it is designed. 

а. The execution of the design may be carried out wholly by the 
designing engineer and his associates, if any, by employing his own 
laborers and directing the work himself. 

б. The actual construction of the work may be done by another 
party called the contractor. 

2405. The first method is the one employed by many large engineering 
firms and by the United States Government in many cases. The Panama 
Canal was completed by the Officers of the Corps of Engineers, U. S. 
Army, following this method. It is also followed by large railway cor- 
porations who maintain their own engineers. The second method is 
more often used, however. The contractor enters into a contract with 
the owner to esecute fully and faithfully the design of the engineer in 
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accordance with the engineer's plans and specifications. It is necessary, 
therefore, to write into the specifications many clauses intended to pre- 
scribe the duties of the contractor so specifically that he will properly 
execute his part of the agreement, and so that the owner will be relieved 
of liability for all contingencies which might arise during the progress 
of the work of the contractor, or as a result of that work. To insure 
proper work by the contractor, the owner has an inspector as his repre- 
sentative on the work. This kind of work is often the first experience 
of young engineers: and they should study the specifications over and 
over again so that they will be able to protect the interests of the owner. 


CONTRACTS. 

2406. A contract is an agreement creating between the parties thereto 
an obligation enforceable at law. It may be either “express ” or “ im- 
plied.” The former is created by spoken or written words; the latter, 
by actions dearly indicating a mutual agreement. There are many 
classifications and sub-dassifications of contracts. For such details the 
student should consult a textbook on contract law. 

2407. Necessary Elements of a Contract. — In order to be valid, con- 
tracts must contain four essential elements as follows: 

0 . The parties to the contract must be competent to contract. The 
courts will not ordinarily enforce contracts made by lunatics, infants, 
etc. 

6. The subject matter of the contract shall be legal. No contract is 
valid if the parties thereto are contracting to do some act contrary to 
law. Thus the winner of a bet could not legally enforce the payment 
of that bet where gambling is prohibited by law. 

c. There must be “ mutuality of consent that is, each party to 
the contract must have a clear understanding of the terms of the con- 
tract, without fraudulent misrepresentation by any party. 

d. There must be a consideration; that is, something of value paid 
or rdinquished by one party, in consideration of which the other party 
binds himself to do or omit to do certain acts. 

Lacking any of these elements, the contract is void. 

2408. Default. — Contracts are said to be “ discharged by performance ” 
when the work specified has actually been completed in accordance with 
the terms of the contract. They may also be discharged by mutual 
agreement of the contracting parties; by becoming impossible of per- 
formance; or by default — that is, by breach of contract by one of the 
contracting parties. In a case of default by the contractor, where the 
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contractor may have refused to carry out his part of the work either in 
part or whole, the owner has the single recourse of taking the case to 
the courts. It is impossible in most cases to compel a contractor to 
continue his work. Action taken in the courts, however, usually results 
in awarding the owner damages to an amount equivalent to such loss 
as he can prove himself to have sustained by reason of the contractor’s 
default. 

2409. Bond. — ^The possibility of such default is usually met by the 
requirement of a bond from the contractor. This is usually a surety 
bond issued by some responsible surety company. It consists of a 
statement that the company will meet, to the amount of the bond, any 
loss sustained by the owner in case of a breach of contract by the con- 
tractor. This bond is usually required of the contractor at the time of 
awarding him the contract. 


AWARD OF CONTRACT. 

2410. Procedure. — The procedure in the award of contracts is practi- 
cally the same in all t 5 q)es of engineering enterprises and, in public works, 
it is prescribed by law. 

2411. Advertisement. — Advertisements are published in technical 
papers which will reach contractors who may be interested. These 
contain a statement descriptive of the particular work, giving data 
indicating the magnitude of the work, stating where information, plans 
and specifications may be examined, inviting bids on this work, with 
also the necessary directions as to their submission, date of examination, 
etc. 

2412. Information for Bidders is prepared, enlarging upon the data 
given in the advertisement. This contains in general the following data: 

a. Reference to action authorizing the work, as a city ordinance or 
resolution adopted by a board of directors. 

b. Restriction of bids to a certain prescribed form. This includes 
information as to whether bids will be received covering separate parts 
of the work, such as separate bids for heating installation or electrical 
installations, 

c. Directions as to the submission of samples. 

d. Instructions for the preparation of bids. 

e. Such estimate of quantities of materials as have already been 
prepared by the engineer. 

This information, together with plans, specifications, and a Form of 
Proposal are furnished the bidder usually upon the pajunent of a small 
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fee which is refunded upon the return of the documents furnished him. 
In large projects, involving elaborate specifications, the specifications, 
information for bidders, etc., are usually printed in pamphlet or loose-leaf 
form, often of pocket size for convenience. 

2413. Form of Proposal. — The Form of Proposal is a definite offer 
to execute the work described in the plans and specifications, for a stipu- 
lated amoimt. Its principal requirements are as follows: 

a. State the offer. 

b. Stipulate the amount in words and figures. 

c. Stipulate the terms of payment agreed upon. 

d. State that no fraud or collusion exists between the bidder and any 
other. 

e. State that plans and specifications have been understood, and that 
the bidder has made an examination of the construction site. 

/. Specify the dates of commencement and completion. 

g. State that the money required if any for deposit with the sub- 
mission of the bid as proof of good faith accompanies the proposal. 

h. Agree to fiimish bond if awarded the contract, and state the nature 
of the security contemplated. 

i. Sign the document. 

2414. Reception of Bids. — ^Bids are received and opened (generally 
in public) at a stated time on a fixed date. In Government work, the 
law usually requires’ that the contract be awarded to the lowest respon- 
sible bidder. It is important, therefore, that bids be so prepared that 
they may be accurately and fairly compared. 

2415. Unbalanced Bids. — Often contractors are left to make their 
own estimates of materials from their own examination of the site of the 
construction work. This obviously makes possible a wide divergence 
in the quantities on which the several contractors may have prepared 
their bids. For convenience in comparing bids, therefore, a preliminary 
estimate of quantities is prepared by the engineer and issued with the 
information for bidders. The contractors then fix their own imit prices 
ba^d on the engineer’s estimate. Contractors often submit what axe 
known as “ unbalanced bids ” ; that is they so arrange their bids per unit 
of work that the total amount will be about right if the estinoate is 
correct, but so that they will receive excessive prices for extra work if 
the estimate is not correct in the items on wMch they bid excessive 
prices. 

Let there be taken as an illustration an engineering project in which 
the calculated excavation is 5000 cubic yards; and on which two con- 
tractors A and B bid as follows: 
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Estimated Quantities 

A^s Bid 

B^s 

Bid 

Earth, 4000 cubic yards 

$0.50 

$2000 

$0.05 

$ 200 

Rock, 1000 cubic yards 

$1.60 

$1500 

$3.00 

$3000 



$3500 


$3200 


The contract is awarded to B, the lower bidder. Yet, the actual 
construction of the project results as follows: 


Actual Quantities 

Cost if awarded 
to A 

Cost as awarded 
to B 

Earth, 3000 cubic yards 

$1500 

$ 150 

Rock, 2000 cubic yards 

$3000 

$6000 


$4500 

$6150 


It will be seen that B in his bid lowered the unit price for earth excava- 
tion and raised that for rock above fair prices as represented by the unit 
prices in A's bid. In the work as actually performed, B received much 
more money than would have been received by A, because B submitted 
an unbalanced bid in the belief that the estimated quantities given out 
by the engineer were erroneous. Great care should be taken in the con- 
sideration of bids and awards of contract to prevent such practice. This 
can best be done by means of an accurate and exhaustive survey by the 
engineer as a basis for his estimate of quantities. 


CLAUSES OF SPECIFICATIONS. 

2416. In order also that bids may all be prepared on the same basis, 
the specifications which they are prepared to meet must be complete. 
Every factor which governs the contractor in the materials selected, 
in the manner of performance of all duties necessary in the execution of 
the work specified — ^in short, all conditions which might affect the con- 
tractor's estimate and raise or lower the cost, are necessarily included 
in the specifications. 

2417. Specifications are therefore grouped into certain General Clauses 
anH Technical Clauses. The General Clauses stipulate what shall be 
done in evCTy case which might arise from the standpoint of the lawyer 
and business man; the Technical Clauses treat of the particular details 
of design in regard to materials, relative proportions, qualifications, etc. 
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2418. Technical Clauses. — ^The Technical Clauses, being descriptive 
of a special design, are therefore dependent on the project under con- 
sideration. No exhaustive treatise on what should or should not be 
included in them can therefore he made. It may be said, however, that 
they should be drawn up with a view to obtaining a desired quality of 
result, omitting such specifications as would curtail the contractor’s 
free judgment as to the best method of operating his employees in pro- 
ducing that result. 

2419. General Clauses. — ^The General Clauses provide for certain 
contingencies that might arise during the progress of the work, are often 
applicable to many types of construction work, and will therefore be 
more fully discussed. They include: 

a. Clauses defining the work. These state precisely to what plans 
and within what limits the specifications are intended to apply. They 
also differentiate the particular work considered from any work covered 
by other contracts and specifications. 

h. Definitions of such terms used in the specifications as otherwise 
may be ambiguous and indefinite. Thus it must be made clear exactly 
to whom the terms owner and engineer apply. Also, the several units 
of measurement must be specifically limited to the meaning they are 
intended to convey. 

c. Changes in specifications and plans after the contract has been 
made. Under Contract Law, the contractor is bound only to stipula- 
tions in the original contract. Thus the contractor cannot be held to 
any changes in design made after signing the contract unless a clause 
in the contract specifically states the terms and conditions under which 
such changes may be made. It is thus necessary to reserve to the 
engineer the right to make changes in the design. A means of adjust- 
ment of the differences in cost resulting from such changes must conse- 
quently be made, and it must be stipulated that such changes will not 
affect the contract or bond. 

d. Ambiguity and inconsistencies in plans and specifications. Care 
should be taken to avoid all inconsistencies between different parts of the 
specifications, and between the specifications and plans. This will be 
effected to a large extent by conciseness of expression and avoidance 
of repetition. It should he definitely stated, however, that the plans 
and specifications are to be considered mutually supplementary, that 
work shown on only one will have full force as if shown in both, and that, 
in case of inconsistencies, the decision of the engineer as to the correct 
interpretation shall be final. 

It is often specified, furthermore, that the contractor shall do all work 
which, in good practice, is considered necessary to the proper execution 
of the design, whether or not specifically shown on the plans or men- 
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tioned in the specifications. Such a clause, however, can legally be held 
to apply only where such work is absolutely necessary and can be con- 
sidered implied in the contract. 

e. Eesponsibility for the data included in the plans and specifications 
must be established. It is usual to require the contractor to verify such 
data by personal inspection and examination of the site. If, however, 
the engineer has made a thorough examination and knows certain con- 
ditions to exist, the owner may quite properly assume responsibility for 
the data furnished. This will lower the risk taken by the contractor 
and consequently lower his bid. 

/. Miscellaneous provisions. Although the contractor is always 
bound in the execution of his work by local and state laws, it is neverthe- 
less customary to include in the general clauses of the specifications 
certain clauses requiring the contractor to conduct his operations in 
accordance with the law in regard to the treatment of employees, sani- 
tation, sale of intoxicants, etc., and to require him to procure all permits 
necessary to comply with the law, and to assume all liability for infringe- 
ment of patent rights, local laws, and the rights of all property owners 
adjoining the site of construction. 

g. Powers of the engineer. In all specifications a clause of vital im- 
portance is that' relating to the powers of the engineer. The engineer 
occupies a peculiar status. His duties are legislative in that he prepares 
the plans and specifications; executive in that he supervises the execu- 
tion of the design; and judicial in that the specifications generally pre- 
scribe that he has the power of final decision and final inteipretation of 
matters which may be contested, or claimed to be indefinite or ambiguous 
(though of course the contractor can always object to his final decision 
and take the matter to the courts). These powers must be given to the 
engineer in the specifications; and also he must be given the duties of 
laying out the work, of measuring the amounts of all material upon 
which payment is based, of rejecting materials which are not satisfactory 
to him, and of requiring rejected material to be removed from the site. 
It is therefore specified that the contractor shall at all times have some 
one on the job to represent him and carry out such directions as the 
engineer may give. 

2420. It should further be specifically stated that any work found -to 
be defective, even though unnoticed at the time of its construction, shall 
be made good by the contractor at his own expense at any time that it 
may be discovered prior to the final acceptance by the engineer. 

2421. An attempt has been made to standardize specifications in so far 
as this may be possible. It is obviously impossible, however, to adopt 
for all kinds of work specifications which may be termed “ standard.” 
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The specifications given in various books of specifications are illustrative 
of the principles mentioned in this chapter; but they should be considered 
only as a basis for desired specifications and are in no sense satisfactoiy 
for every kind of work. 

For more detailed information see 

Engineering and Architectural Jurisprudence, Wait 

Contracts in Engineering, Tucker 

The Principles of American Law of Contracts, Lawson 

Law of Contracts, Brantley 

Good Engineering Literature, Frost 

Theory and Practice of Technical Writing, Earle 

Elements of Specification Writing, Kirby 
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Abbot discharge formula, 558 
Absorption test, stone, 817 
Abutments, bridges, 1620 
Acceptance tests, 903 
Adobe brick, 820 

Advertisements, proposed construc- 
tions, 2411 

Aeration, sewage, 1944 
Aerobes, bacteria, 1922 
Age, concrete, effect of, 867 
Air compressors, 2305 
Allowable bending stress, 265 
compressive stress, 265 
shearing stress, 235 
stresses, masonry, table, 1133 
tensile stress, 208 
torsional stress, 248 
American Bridge Co.: 
column formula, 1209 

constants, table, 1210 
American Railway Engineering Asso- 
ciation column formula, 1208 
Amount water needed, cities, 1805 
Anaerobes, bacteria, 1922 
Analytic method concurrent forces, 

bridge stresses, 1635 
roof stresses, 1558 
sections, bridge stresses, 1641 
roof stresses, 1560 
Anchorages, suspension bridges, 1629 
Angle friction, earth, 1733 
Angle rupture, earth, 1733 
Annealing steel, 725 
Annual rings, timber, 617 
Approaches, bridges, 1620 
Aqueduct, 1601 
Catskill, 1827 
Arches bond, 1131 
bridges, 1627 
classification, 1121 
construction, 1129 
dams, 1725 
design, 1128 
failure, 1123 
nomenclature, 1120 
pressure, 1123 
middle third, 1128 
rupture, 1125 
theory, 1126 
voussoirs shape, 1132 
Archimedes principle, 525 
Artesian wells, 1804 
Ashlar masonry, 1112 
Asphalt, 849 

pavements, 2170 
Award, contracts, 2410 
Axis, spontaneous, 520 


Bacteria, sewage, 1921 
water supply, 1818 
palloon frame, 1534 
Baltimore truss, 1625 


Bark of trees, 617 

Bars, spacing, reinforced concrete, 874 
Bascule bridges, 1632 
Basins, settling, 1820 
Bazin discharge formula, 55"/ 

Beam bridges, 1623 
Beams, 301 

bending moments, fiber stresses, 
deflections, table, 319 
built-up, 1009 
classes, 302 
continuous, 324 
curves, 306 
equations, 306 
horizontal shear, 327 
moving loads, 401 
reactions fixed at ends, 315 
reinforced concrete, 876 

bending moment, 884 
shearing, 887 
stresses, colors used, 306 
vertical shear, 333 
zero shear, 415 
Bear Mountain bridge, 1630 
Bearing power, soils, 1306 

table, 1306 

Belt conveyor, 2346 
Bending, 254 

constants, table, 266 
definition, 118 
elasticity, limit, 262 
modulus, 263 

equation of stress, 259, 260 
joints, 1008 
moment, 264 

general equation, 322 
relation, shear, 274 
reinforced concrete beam, 884 
signs, 254 

section, modulus, table, 261 
strength, timber, 632 
stress, allowable, 265 
experiments, 258 
test specimens, 924 
testing machine, 913 
ultimate strength, 263 
Bessemer process, steel manufacture, 
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Bids, contracts, 2414 
unbalanced, 2415 
Binder, highway surfaces, 2125 
Bituminous materials, 849 
Blow off water pipes, 1825 
Board measure, 649 
Boilers, heating, 1691 
Bond, arches, 1131 
contracts, 2409 
English, 1117 
Flemish, 1118 
lighthouse, 1119 
masonry, 1117 
masonry, special, 1119 
reinforced concrete, 892 
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Boom derrick, 1015 
Borings, sub-surface, 1304 
Boston watershed, 1806 
Bows notation, graphic statics, 1566 
Bowstring truss, 1625 
Box caisson, 1361 
girders, 1429 
Braced frame, 1534 
Bracket crane, 2333 
Brackett’s formula, thickness water 
pipe, 1825 
Brick, 819 

burning, 822 
characteristics, 824 
classification, 823 
fire, 827 

resistance, 1508 
glazed, 830 
manufacture, 821 
pavements, 2167 
paving, 826 
sewers, 1916 
size, 825 
walls, 1115 
weight, 825 
Bridges, 1601 

abutments, 1620 
approaches, 1620 
arch, 1627 
bascule, 1632 
beam, 1623 
buckle plates, 1621 
cantilever, 1628 
centrifugal loads, 1614 
costs, 1678 

estimates, 1671 
deck, 1603 
design, 1667 
erection, 1663 
floor beams, 1621 
carriers, 1622 
floors, 1621 
impact, 1610 
lift, 1632 
loads, 1605 
materials, 1604 
military loads, 1609 
movable, 1632 
nomenclature, 1601 
piers, 1618 
plate girder, 1624 
pony truss, 1603 
railway, 2048 

Cooper’s loads, 1609 
snow loads, 1612 
stresses, 1633 

analytic method, concurrent 
forces, 1635 

analytical method, sections, 
1641 

graphic statics, 1657 
moving loads, 1646 
suspension, 1629 


Bridges, swing, 1632 
through, 1603 
towers, 1619 
traction loads, 1613 
truss, 1625 

trusses, counterbalances, 1655 
wind loads, 1611 
Bridging, floors, 1547 
Broken stone, 847 
Bucket elevator, 2347 
handling crane, 2329 
Buckle plates, bridges, 1621 
Builders hoists, 2341 
Buildings, 1501 
cities, 2228 
classification, 1502 
exterior walls, 1543 
floors, 1545 

loads, 1545 

tables, 1546 
foundations, 1509 
frames, 1523 
heating, 1582 
lighting, 1594 
loads, roof, 1552 
plumbing, 1573 
roofs, 1550 
sewer system, 1576 
traps, 1578 
stairway, 1549 
steel frames, 1540 
shop, 1644 

temperatures, table, 1584 
utilities, 1573 
ventilation, 1579 
table, 1580 
walls, 1524 
wooden frames, 1534 
Built-up beams, 1009 
columns, 1215 
Buoyancy of water, 525 
Burnettizing timber, 644 
Burning brick, 822 
Burr truss, 1626 
Buttresses, walls, 1740 
By-pass reservoir, 1840 

Cableways, 2348 
Cage steel frames, 1541 
Caissons, 1360 
box, 1361 
open, 1363 
pneumatic, 1367 
Canalization, Ohio River, 1710 
Cantilever bridges, 1628 
Cast iron, 707 

columns, 1221 
defects, 711 
fire resistance, 1508 
specifications, 710 
varieties, 707 
steel, specifications, 720 
Catch basin, 1905 
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Catskill aqueduct, 1827 

water supply, 1815, 1827 
Cement, 838 

chemical analysis, 844 
classification, 839 
fineness, 844 
gun, 2356 
manufacture, 840 
mortar, 848 

per yd., concrete tables, 858D 

properties, 844 

setting, 844 

soundness, 844 

specifications, 844 

strength, 844 

testing machine, 915 

tests, 844 

weight, 844 

Center of percussion, 520 
water pressure, 520 

at two thirds depth, 521 

Cesspool, 1946 

Centrifugal loads, bridges, 1614 
Channels closed, flow of water, 530 
open, flow of water, 654 
velocity of water, 665 
Characteristics, brick, 824 
highways table, 2174 
Checks in timber, 624 
Chemical analysis, cement, 844 
filters, 1936 
Chezy formula, 556 
Chords, trusses, 1011 
Churn drills, 2313 
Cities, buildings, 2228 

commission government, 2202 
landing piers, 2241 
parks, 2225 
pavements, 2221 
planning, 2204 
playgrounds, 2225 
public utilities, 2231 
sidewalks, 2221 
streets, 2215 

system, 2210 
width, 2217 
surveys, 2205 
utilities, public, 2231 
wharves, 2241 
zoning, 2208 
City engineering, 2201 
Civil engineering, definition, 1 
Classification, arches, 1121 
brick, 823 
buildings, 1502 
cement, 839 
city streets, 2215 
construction equipment, 2301 
stresses, 118 

Clauses, specifications, 2416 
Cloistered arch, 1122 
Closed channels, flow of water in, 630 
Cobblestone pavement, 2166 


Coefficients, index, trusses, 1638 

Coffer-dams, 1349 
design, 1357 

Cold bending machine, 913 
tests, 930 

Colors indicating stresses, beams, 306 
trusses, 1572 

Columns, 1201 
built-up, 1215 
cast-iron, 1221 
kinds, 1215 
pin-joints, 1414 
radihs gyration, 1211 
reinforced concrete, 1223 
structural forms, 1219 
wooden, 1222 

Combined sewage system, 1903 
stresses, 334 

Commission government, cities, 2202 

Compression, allowable stress, 227 
constants, table, 228 
definition, 118 
elasticity, limit of, 223 
modulus, 224 
equation, 222 
joints, 1007 
strength, timber, 630 
stress-strain curve, 630 
test specimens, 922 
tests 921 

ultimate strength, 226 

Concrete, 860 

age, effect, 869 
cement per yd., tables, 858D 
effect of water, 869 
equipment, 2349 
fire-proof qualities, 868 
resistance, 1508 
floors, 1548 
forms, 866, 2353 
gravity distribution, 2356 
highway foundations, 2122 
ingredients, 851 
materials cu. yd., tables, 868C 
sq. yd. floor, table, 858P 
sq. yd. sidewalk, table, 868F 
mixers, 2350 
mixing, 861 
paver, 2351 
piles, 1340 
placing, 865 
proportioning, 854 
proportions, tables, 858 
protection, 867 
railway ties, 2035 
roads, 2157 

expansion joints, 2157 
sewers, 1916 
slump test, 861 
strength, 869 
walls, 1116 

yards, sack cement, table, 858B 

Concurrent forces, 112 
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Conduits, water supply, 1815 
Construction equipment, 2301 
Contact beds, 1938 
Contours, water velocity, 568 
Contracts, 2406 
award, 2410 
bids, 2414 
bond, 2409 
default, 2408 
elements, 2407 
powers of engineers, 2419 . 
Conveying equipment, 2345 
Cooper bridge loads, 1609 
Co-planar system, forces, definition, 
107 

Copper, 730 
Core drills, 2314 

Corps of Engineers retaining wall for- 
mula, 1738 

Corps of Engineers upward water 
pressure formula, 1710 
Cost, bridges, estimates, 1671, 1678 
foundations, footings, 1320 
highways, 2175 

Coulomb retaining wall formula, 1730 
Counterbraces, bridge trusses, 1655 
Counterforts, walls, 1740 
Crane bracket, 2333 

bucket handling, 2329 
crawler, 2327 
gantry, 2337 
jib, 2331 
locomotive, 2326 
pillar, 2332 
transfer, 2330 
traveling, 2334 
Crawler crane, 2327 
Creosoting timber, 643 
Crib foundations, 1344 
Cross drains, highways, 2114 
Cross-section, highways, 2105 
railways, 2034 

excavations, 2038 
Crusher, gyratory, 2322 
jaw, 2321 
rock, 2320 

Crushing dams, 1715 
equipment, 2319 
Culverts, highways, 2115 
Current meters, 572 
Curves, beams, 306 
mean fiber, 304 
pressure, dams, 1723 
railways, 2020 

stress-strain, compression, 226 
tension, 207 
tension tests, 919 
Cut-stone masonry, 1114 

Dams, arch, 1725 

cross-section, 1720 
crushing of, 1715 


Dams, earth, 1729 
failure, 1703 
masonry, 1724 
movable, 1730 
nomenclature, 1702 
overturning of, 1712 
pressure, 1704 
curve, 1723 
middle third, 1714 
reinforced concrete, 1726 
rock-fill, 1727 
sliding of, 1715 
timber, 1727 
water supply, 1811 
weight, 1708 

Dead loads, definition, 403 
Deck bridges, 1603 
Default, contracts, 2408 
Defects, cast iron,, 711 
timber, 622 

Deflections, beams, table, 319 
maximum, 319 
Density, timber, 626 
Derrick, boom, 1015 
description, 2324 
Design, arch, 1128 
bridges, 1667 
highways, 2103 
metal pins, 1415 
operations, 103 
plate girders, 1422 
reinforced concrete, 877 
retaining wall, 1736 
Designing, 124 
Diagrams, sewer pipe, 1918 
Dilution, sewage, 1928 
Discharge, culverts, highways, 2116 
orifice, 631 
pipes, 635 
spillway, 1811 
Disinfection, sewage, 1946 
Disk piles, 1341 
Disposal, sewage, 1920 
Distributing, equipment, 2346 ■ 
reservoirs, purposes, 1824 
reservoirs, 1810 
Divers, 1369 
Dixie highway, 2146 
Dome, arch, 1122 
Domestic sewage, 1906 
Drags, highways, 2164 
Drainage, highways, 2108 
retaining walls, 1739 
sewers, 1908 
Draw-bar pull, 2031 
Dredging, foundations, 1368 
hydraulic, 2318 
machinery, 2317 
Drift-pin, 1403 
Drills, quarry, 816 
rock, 2310 
Drivers, pile, 1326 
Dry rot, 637 
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Duchemin formula, wind load, roof, 1553 
Durability, natural stone, 811 

Earth, angle of rupture, 1733 
dams, 1729 
friction angles, 1733 
plane of rupture, 1733 
pressure, retaining walls, 1732 
roads, 2153 

Earthwork, haul, distance, 2044 
Elasticity, compressive limit, 223 
compressive modulus, 224 
laws of, 120 
limit, bending, 262 
definition, 121 
torsion, 245 
modulus, bending, 263 
definition, 122 
shearing limit, 232 
modulus, 233 
tensile limit, 203 
modulus, 204 
torsional modulus, 246 
Electric air drills, 2312 
lighting, 1598 
traveling crane, 2334 
Electrolysis, water pipe, 1826 
Elevators, 2342 

Elongation, rod of uniform cross-sec- 
tion, 218 

Emery testing machine, 912 
Endogenous trees, 616 
English bond, 1117 
Engineering, civil, definition, 1 
definition, 1 
mechanical, definition, 1 
military, definition, 1 
News pile formula, 1331 
Engineers, powers, contracts, 2419 
Entrance head of water, 536 
Equation, general, bending moments, 
322 

Equations of equilibrium, 109 
Equilibrium, conditions of, 106 
forces, 104 

general equations, 109 
polygon, graphic statics, 1570 
Equipment, concrete, 2349 
construction, 2301 
conveying, 2346 
crushing, 2319 
distributing, 2345 
excavation, 2306 
handling, 2323 
hauling, 2346 
lifting, 2323 
power producing, 2303 
Erection, bridges, 1663 
Estimates, railroads, 1017 
Excavation equipment, 2306 

railways, cross-section, 2038 
rock, 2309 

sewers, tables, 1912 


Exogenous trees, 616 
Expansion joints, concrete, roads, 2157 
Exploration, sub-surface, 1302 
Eye bars, 1413 

Factor of safety, 127 
Facultative bacteria, 1922 
Failure, arches, 1123 
dams, 1703 
retaining walls, 1703 
riveted joints, 1405 
Fanning spillway formula, 1811 
table, discharge of pipes, 540 
Filters, chemical, 1936 
sand, 1935 
trickling, 1940 
water, 1822 

Filtration, sewage, 1934 
Fineness, cement, 844 
Firth of Forth Bridge, 1628 
Fire brick, 827 

resistance, materials, 1506 
test, stone, 818 

Fire-proof buildings, classification, 1502 
floors, 1548 
qualities, concrete, 868 
Flemish bond, 1118 
Flexure, 254 
tests, 924 

Floats, measuring water velocity, 570 
Floor-beams, bridges, 1621 
carriers, bridges, 1622 
slabs, reinforced concrete, 875 
Flooring, 1547 
Floors, bridges, 1621 
buildings, 1545 
loads, 1545 
loads, tables, 1546 
composite, 1548 
concrete, 1548 

materials, 100 sq. ft., table, 
858F 

fire-proof, 1548 
I-beam, 1548 

slabs, reinforced concrete, 1548 
tile, 1548 
wooden, 1547 
Footings, buildings, 1518 
costs, 1320 
masonry, 1314 
reinforced concrete, 1319 
Force, polygon, graphic statics, 1566 
gradually applied, work of, 213 
suddenly applied, work of, 214 
Forces, concurrent, 112 
equilibrium of, 104 
parallel, 113 
resultants, 115 
vertical and horizontal, 108 
Forms, concrete, 866, 2353 
Foundations, 1301 

below quicksand, 1375 
buildings, 1509 
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Foundations, buildings, loads, 1509 

table, 1515 

cribs, 1344 
dredging, 1358 
footings, costs, 1320 
highways, 2119 
metal cylinders, 1347 
on land, 1313 
pile, 1332 

random rock, 1343 . 
requirements, 1309 
under water, 1342 
Frames, balloon, 1534 
buildings, 1523 
buildings, wooden, 1534 
steel buildings, 1640 
cage, 1541 
Framing, 1001 
France, highways, 2144 
Free bodies, definition, 105 
Freezing, natural stone, 809 
test, stone, 818 
Friction angle, earth, 1733 
head of water, 537 
Frost, effects on masonry, 1134 
Furring, building, 1539 
Gallery, infiltration, 1804 
Gantry crane, 2337 
Gas lighting, 1597 
Gate house, 1811 
Girders, box, 1429 
floors, 1547 
plate, 1422 

Girths, buildings, 1537 
Glazed brick, 830 
Graders, highways, 2154 
Grades, highways, 2138 
railways, 2031 
sewers, 1912 
traction on, 2137 
Gradient, hydraulic, 546 
Gradually applied force, work of, 213 
Graphic, 1317 

Graphic statics, equilibrium polygon, 
1670 

Graphic statics, force polygon, 1566 
nomenclatxire, 1566 
stresses, bridges, 1657 
roofs, 1562 
Ground water, highways, 2108 
Gravel, 846 
roads, 2156 

Gravity, railway yards, 2067 
Groined arch, 1122 
Gypsum blocks, fire resistance, 1508 
Gyratory crusher, 2322 

Hand hammer drills, 2310 
Handling equipment, 2323 
Hard wood trees, 609 
Hardening steel, 725 
Hardness, drinking water, 1823 
natural stone, 808 


Hardness, timber, 634 
Haul, earthwork, distance, 2044 
Hauling equipment, 2345 
Head losses in long pipes, 542 
losses of water, table, 540 
special losses, 541 
water, entrance, 536 
friction, 537 
total, 639 
velocity, 538 

Heart shakes, timber, 625 
Heat, light, power, cities, 2232 
Heating, boilers, 1591 
buildings, 1582 
hot air, 1586 
hot water, 1589 
pipes, 1592 
radiators, 1589 
steam, 1589 

systems, buildings, 1585 
Highways, 2101 

characteristics, tables, 2174 
comparison, 2173 
costs, 2175 
culverts, 2115 
curves, 2131 
design, 2103 
drainage, 2108 
foundations, 2119 
France, 2144 
grades, 2134 
life, table, 2176 
location, 2129 
nomenclature, 2102 
surfaces, 2123 
United States, 2146 
widths, 2143 
Hoists, 2340 

builders, 2341 

Horizontal shear, beams, 327 
Horse, tractive power, 2135 
Hot-air heating, 1586 
Hot-water heating, 1689 
Howe truss, 1625 
Hump, railway yards, 2057 
Hydraulic dredging, 2318 
gradient, 546 
jack, 2344 
lime, 837 

I-beam floors, 1548 
grillage, 1317 
I-beams, 1419 
Impact, bridges, 1610 
testing machine, 916 
tests, 931 

Impurities, water supply, 1818 
Index coefficients, trusses, 1638 
Industrial sewage, 1906 
Infiltration gallery, 1804 
Information, bidders, contracts, 2412 
Ingredients, concrete, 861 
Insects in timber, 640 
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Intake, water supply, 1815 
Iron, cast, 707 

defects, 711 
fire resistance, 1508 
specifications, 710 
characteristics, table, 705 
importance, 702 
in drinking water, 1823 
pig, 704 
varieties, 706 
wrought, 727 

specifications, 729 
Irrigation, sewage, 1933 

Jaw crusher, 2321 
Jack, hydraulic, 2344 
screw, 2343 
Jib crane, 2331 

Johnson’s shear testing machine, 914 
Joints, 1002 

bending, 1008 
compression, 1007 
pin columns, 1414 
riveted, 1404 
steel rails, 2037 
tension, 1005 
Joists, buildings, 1535 
floors, 1547 

Kensico reservoir, capacity, 1827 
Kiln, 833 

King post truss, 1625 
Knots, 623 

Kutters discharge formula, 559 
Kyanizing timber, 645 

Land foundations, 1313 
Laws of elasticity, 120 
L’Enfant plan of Washington, 2213 
Life, highways, table, 2176 
Lift bridges, 1632 
Lifting equipment, 2323 
Light, heat, power, cities, 2232 
Lighthouse bond, 1119 
Lighting, buildings, 1594 
electric, 1598 
gas, 1597 
Lime, 832 

hydraulic, 837 
kiln, 833 

manufacture, 833 
mortar, 836 
properties, 834 
Limit, bending elasticity, 262 
compressive elasticity, 223 
elasticity, definition, 121 
shearing elasticity, 232 
tensile elasticity, 203 
torsional elasticity, 245 
Limnoria terebrans, 639 
Lincoln highway, 2146 
Live loads, beams, 401 
definition, 401 


Loads, bridges, 1605 

buildings, floors, 1545 

table, 1546 
foundations, 1509 

table, 1515 
roofs, 1552 

centrifugal, bridges, 1614 
dead, definition, 403 
live, definition, 401 
military bridges, 1609 
moving, beams, 401 

bridges, stresses, 1646 
definition, 401 
piles, 1329 

roof, wind, table, 1554 
snow, bridges, 1612 
roofs, table, 1554 
traction, bridges, 1613 
wind, bridges, 1611 
roofs, 1553 

Location, railways, 2004 

Locomotive crane, 2326 

Log drags, 2154 

Long pipes, losses of head, 542 

Losses, water head, table, 540 

Lumber, board measure, 649 

Macadam highway foundations, 2121 
roads, 2149 
Machines, definition, 1 
testing, 910 
Mains, water, 1825 
Maintenance of railways, 2051 
Manholes, 1905 
Manufacture, cement, 840 
lime, 833 

Marine borers, 639 
Masonry, 1101 

allowable stresses, table, 1133 

ashlar, 1112 

arch, bridges, 1627 

buildings, walls, 1624 

construction, rules, 1103 

cut stone, 1114 

dams, 1724 

footings, 1314 

frost, effects, 1134 

pointing, 1134 

preservation, 1134 

pressures, middle third, 1108 

rabble, 1112 

rules of construction, 1103 
structures, classes, 1102 
unequal setting, 1134 
walls, nomenclature, 1111 
Mass diagram, railway excavation, 2041 
Materials, bridges, 1604 
railways, 2035 
sewers, 1913 
Mean fiber curve, 304 
Measurement, water supply, 1808 
Mechanical engineering, definition, 1 
strength, timber, 628 
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Metals, 701 

constants, table, 734 
forms, commercial, 740 
preservation, 736 
purchase, 739 
weight, 735 
work, 1401 

Meters, measuring current velocity, 572 
Middle third pressures, arches, 1128 
dams, 1714 
masonry, 1108D 

Military Engineering, definition, 1 
loads on bridges, 1609 
Miner^s Inch, 533 
Mixers, concrete, 2350 
Mixing concrete, 861 
Modulus, bending elasticity, 224 
compressive elasticity, 224 
elasticity, definition, 122 
shearing elasticity, 233 
tensile elasticity, 204 
torsional elasticity, 246 
Molecular action, 117 
Moments, theorem of three, 324 
Mortar cement, 848 
lime, 836 

Motor buses, cities, 2240 
Mounted rock drills, 2311 
Movable bridges, 1632 
dams, 1730 

Moving loads, beams, 401 

bridges, stresses, 1646 
definition, 401 

Natural stone, composition, 804 
durability, 811 
freezing, 809 
hardness, 808 
preservation, 813 
quarrying, 814 
strength, 810 
tests, 816 
weight, 807 

Neutral axis, reinforced concrete, 880 
New York City water supply, 1815, 
1827 

Niagara River arch bridge, 1627 
Nomenclature, arches, 1120 
bridges, 1601 
dams, 1702 
highways, 2102 
masonry walls, 1111 
roofs, 1550 
sewage system, 1905 
suspension bridges, 1629 

Ohio River canalization, 1710 
Olsen testing machine, 911 
Open caisson, 1363 

channels, flow of water, 554 
velocity of water, 565 
hearth process, 713 
Operations of design, 103 


Orifice, velocity of water discharge, 531 
Outlets, reservoir, 1814 
Overturning of dams, 1712 

Painting timber, 642 
Palladio truss, 1625 . 

Parallel forces, 113 
Parks, cities, 2225 
Pathogenic bacteria, 1926 
Pavements, 2161 
cities, 2221 
Paver, concrete, 2351 
Paving brick, 826 
Percussion, center of, 520 
Permanent set, 121 
Personnel, track laying, table, 2047 
Petit truss, 1625 
Piers, bridges, 1618 

landing, cities, 2241 
Pig iron, 704 
Pile drivers, 1325 
Piles, 1322 

concrete, 1340 
disk, 1341 
foundations, 1332 
load, 1329 
screw, 1341 
sheet, 1336 
timber life, 1339 
Pillar crane, 2332 
Pin- joints, columns, 1414 
Pins, metal, 1412 

design, 1416 

Pipe-diagram, sewers, 1918 
Pipes, discharge, 535 
heating, 1592 
long, losses of head, 542 
pressure in, 617 
sewer, 831 
sewers, 1913 

size, 1917 

water pressure in, 527 
supply, thickness, 627 
Pith, 617 
Pitot tubes, 517 
Placing concrete, 865 
Plane, rupture, earth, 1733 
Planning, cities, 2204 
Plate girder bridges, 1624 
girders, 1422 
Plates, wall, 1538 
Playgrounds, cities, 2226 
Plumbing, buildings, 1573 
Pneumatic caisson, 1367 
Pointing, masonry, 1134 
Pony truss bridges, 1603 
Portal bracing, bridges, 1626 
Poughkeepsie bridge, 1628 
Power, heat, light, cities, 2232 
producing equipment, 2303 
transmitted by shafts, 252 
Pratt truss, 1626 
Preservation, masonry, 1134 
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Preservation, metal, 736 
natural stone, 813 
timber, 636 

Pressure and flow of water, 601 
arches, 1123 

middle third, 1128 
bases, 1104 
curve, dams, 1723 
dams, 1704 

middle third, 1714 
distribution on bases, 1104 
masonry, middle third,, 1108D 
middle third, 1108D, 1128, 1714 
pipes, water supply, 1825 
retaining walls, 1732 
water, center at two-thirds depth, 
521 

center of, 520 

equal in all directions, 507 
normal to surface pressed, 515 
on immersed surface, 518 
transmission, 523 
varies with depth, 510 
Principle of Archimedes, 525 
Properties of cement, 844 
steel, 725 

Proposals, specifications, 2415 
Protection of concrete, 867 
Public utilities, cities, 2231 
Pumping systems, water, 1802 
Purchase, metals, 789 
timber, 646 

Purification, sewage, 1927 
water supply, 1818 

Quantity of water needed, 1805 
Quarry drills, 815 
Quebec cantilever bridge, 1628 
Queen post truss, 1652 
Quicksand, foundations below, 1375 

Radius gyration, columns, 1211 
Radiators, heating, 1589 
Rails, steel, 2036 
Railways, 2001 
bridges, 2048 
cross-section, 2034 
curves, 2020 
earthwork, 2038 
grades, 2031 
location, 2004 
maintenance, 2051 
materials, 2036 
mileage, total, 2003 
preliminary survey, 2014 
reconnaissance, 2006 
right of way, 2018 
road bed, 2033 
roundhouses, 2063 
shops, 2065 
stations, 2060 
switches, 2065 
terminals, 2056 


Railways, ties, 2035 
track laying, 2045 
yards, 2056 
Ramps, railways, 2058 
Rainfall, water run-off, 1806 
Rankine column formula, 1205 

constants, table, 
1206 

retaining wall formula, 1733 
Reactions, beams fixed at ends, 315 
Receiving reservoirs, 1810 
Reconnaissance, railways, 2006 
Reinforced concrete, 870 
beams, 876 
bending moment, 884 
shearing, 887 
bond, 892 
columns, 1223 
dams, 1726 
design, 877 
floor slabs, 875 
footing, 1319 
neutral axis, 880 
railway ties, 2035 
reinforcements, 873 
retaining walls, 1741 
roads, 2159 
slab floors, 1548 
spacing bars, 874 
steel percentage, 882 
Reinforcements, reinforced concrete, 873 
Research tests, 902 
Reservoirs by-pass, 1814 
distributing 1810 
distributing, purpose, 1824 
earth dams, 1812 
masonry dams, 1813 
outlets, 1814 
receiving, 1810 
rock fill dams, 1812 
spillway, 1811 

Resistance, tractive vehicles, 2136 
Resultant water pressure, 620 
Resultants, 115 

Retaining walls, drainage, 1739 
design, 1736 
earth pressure, 1732 
failure, 1703 
reinforced concrete, 1741 
Right of way, railways, 2018 
Ring shakes, timber, 625 
Rings, annual, timber, 617 
Risers, stairway, 1549 
Rivets, 1402 
Riveted joints, 140^ 

Road drags, 2154 ' 

Roadbed, railways, 2033 
Rock crusher, 2320 
excavation, 2309 
fill dams, 1727 

foundations under water, 1343 
Roofs, stresses, analytic method, con- 
current forces, 1668 



Roofs, stresses, analytic 
tions, 1560 

Roofs, buildings, 1550 
loads, 1662 
nomenclature, 1550 
snow loads, 1553 

tables, 1554 
trusses, 1655 * 

stresses, 1557 
wind loads, 1553 

table, 1554 

Roosevelt highway, 2146 
Rot, dry, 637 
wet, 638 

Roundhouses, railways, 2063 
Rubble masonry, 1112 
Run-off water, rainfall, 1806 
Rupture, angle, earth, 1733 
arches, 1125 
plane, earth, 1733 


Safety factor, 127 
Sand, 845 

clay, roads, 2155 
filters, 1935 

Sander's pile formula, 1330 
Sap wood, 620 
Sawing timber, 648 
Screw jack, 2343 
piles, 1341 

Seasoning timber, 641 
Section modulus, table, 261 
Separate sewage system, 1902 
Septic tanks, 1942, 1946 
Set, permanent, 121 
Setting of cement, time, 844 
Settling basins, 1820 

unequal masonry, 1134 
Sewage, 1901 

aeration, 1944 
bacteria, 1921 
disinfection, 1945 
disposal, 1901, 1920 
cities, 2237 
domestic, 1906 
industrial, 1906 
systems, 1902 

systems, nomenclature, 1906 
treatment, 1927 

land required, table, 1937 
Sewers, brick, 1916 
concrete, 1916 
discharge, 1908 
drainage, 1908 
excavation, table, 1912 
flow in, 1912 
grade of, 1912 
materials, 1913 
pipe^ 831 
slope, 1912 

system, buildings, 1576 
ventilation, 1919 


Shakes of timber, 625 
Shafts, transmission of power, 252 
Shear, horizontal, beams, 327 
testing machine, 913 
tests, 927 

specimens, 928 
transverse, 269 
vertical, 269 
beams, 333 
zero, beams, 415 
Shearing constants, table, 235 
definition, 118 
elasticity, limit, 232 
modulus, 233 
equation, 231 

perpendicular to force, 238 
reinforced concrete beams, 887 
relation, bending moment, 274 
strength, timber, 631 
stress, allowable, 235 
ultimate strength, 234 
Sheet piles, 1336 
Shop buildings, steel, 1544 
Shops, railways, 2065 
Short -tubes, discharge, 532 
Shovel, steam, 2306 
Shrinkage, timber, 627 
Sidewalks, cities, 2221 

concrete materials 100 sq.ft., table, 
858F 

Sills, buildings, 1535 
Siphon principle, 513 
Sizes brick, 825 

Slabs, reinforced concrete floors, 876 
Sliding of dams, 1715 
Slopes, sewers, 1912 
Slump test, concrete, 861 
Snow loads, bridges, 1612 
roofs, 1553 
table, 1554 
Soft-wood trees, 603 
Soils, bearing powers, 1306 

table, 1307 

testing, 1302 
Soundness, cement, 844 
Specifications, cast iron, 710 
steel, 720 
cement, 844 
clauses, 2416' 
engineering, 2401 
information, bidders, 2412 
proposals, 1413 
structural steel, 722 
timber, 646 

two methods execution, 2404 
wrought iron, 729 
Specimens, bending tests, 926 
compression tests, 922 
selection for tests, 906 
shear tests, 928 
tension tests, 918 
Spheres, pressures in, 617 
water pressure in, 628 
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method, sec- 
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Spillways, discharge, 1811 
reservoh', 1811 
Spontaneous axis, 520 
Spring wood, 619 
Springs, drinking water, 1804 
Starlings, bridges, 1619 
Standpipes, water, 1824 
Stairways, buildings, 1549 
Static principles, water, 506 
Stations, railways, 2060 
Steam hammer, 2304 ' 
heating, 1589 
shovel, 2306 
Steel, 712 

arch bridges, 1627 
cage frames, 1541 
cast, specifications, 720 
fire-resistance, 1508 
frames, buildings, 1540 
manufacture, 713 
percentage reinforced concrete, 882 
properties, 725 
shop buildings, 1544 
structural, manufacture, 721 
specifications, 722 
Stephenson railway, 2002 
Sterilization, 1823 
Stiffeners, suspension bridges, 1629 
Stone, artificial, 801 

block pavement, 2164 
building, qualities, 803 
classification, 801 
composition, 801 
fire-resistance, 1508 
natural, 801 

composition, 804 
durability, 811 
freezing, 809 
hardness, 808 
preservation, 813 
quarrying, 814 
strength, 810 
tests, 816 
weight, 807 

Storage trucks, railways, 2059 
Strain, definition, 117 
Streets, cars, cities, 2239 
cities, classification, 2215 
system, 2210 
truss, 1011 
width of, cities, 2217 
Strength, cement, 844 
concrete, 869 
natural stone, 810 
timber, 629 

ultimate, definition, 123 
Stress-strain curve, compression, 226 
tension^ 207 

Stresses, beams, colors used, 306 
bridges, 1633 

analytic method, concurrent 
forces, 1635 

analytic method, sections, 1641 


Stresses, bridges, graphic statics, 1657 
moving loads, 1646 
classification, 118 
combined, 334 
definition, 117 
roof trusses, 1557 
suspension iDridges, 1629 
trusses, colors used, 1572 
Stringers, stairway, 1649 
Structural steel, manufacture, 721 
specifications, 722 
Structure, timber, 615 
Structures, definition, 1 
Sub-drainage, highways, 2112 
Sub-surface exploration, 1302 
Sudbury watershed, 1806 
Suddenly applied force, work of, 214 
Summer wood, 619 
Sun-dried brick, 820 
Surface, immersed, water pressure, 618 
water, horizontal, 508 
Surfaces, highways, 2123 
Surveys, cities, 2205 

railways, 2014, 2019 
Suspension bridges, 1629 
Sway bracing, bridges, 1626 
Swing bridges, 1632 
Switches, railways, 2055 
Symbols, 10 

Table allowable stresses, masonry, 1138 
beam, bending moments, fiber 
stresses, deflections, 319 
bearing power, soils, 1307 
bending, constants, 266 
buildings, ventilation, 1580 
cement cu. yd., concrete, 858D 
characteristics, highways, 2174 
iron, 705 

compression, constants, 228 
concrete, materials 100 sq. ft., 
858E 

concrete, per sack of cement, 858B 
constants, ABC column formula, 
1210 

constants, Bazin discharge for- 
mula, 1210 

constants, Rankine column formula, 
1206 

constants, metals, 734 
torsion, 249 

excavation, sewers, 1912 
highways, France, 2144 
land required, sewage treatment, 
1937 

life, highways, 2176 
loads, buildings, floors, 1646 
foundations, 1516 
materials, cu. yd. concrete, 868C 
personnel, track lasting, 2047 
properties, dry air, 1583 
proportions, concrete, 868A 
section modulus, 261 
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Table, shearing, constants, 235 
snow loads, roofs, 1554 
streets, width, cities, 2217 
strength, timber, 633 
temperature, buildings, 1584 
tension constants, 209 
tractive power, horse, 2136 
vehicles, tractive resistance, 2136 
wind loads, roofs, 1554 
Tanks, septic, 1942, 1946 
Telford macadam foundations, 2121 
roads, 2150 

Temperatures, buildings, table, 1584 
stresses, bridges, 1620 
Tempering steel, 725 
Tensile elasticity, limit, 203 
modulus, 204 
force, work of, 212 
strength, timber, 627 
Tension, allowable stress, 208 
constants, table, 209 
definition, 118 
equation, 202 
joints, 1005 

stress-strain curve, 207 
test specimens, 918 
tests, 917 

ultimate strength, 206 
Teredo navalis, 639 
Terminals, railways, 2056 
Terra-cotta, 828 
Test pit, 1304 
Tests, acceptance, 903 
cement, 844 
cold-bending, 930 
compression, 921 
flexure, 924 
impact, 931 
natural stone, 816 
research, 902 

selection of specimens, 906 
shear, 927 
tension, 917 
Testing machines, 910 
of materials, 901 
soils, 1302 

Theorem, of three moments, 324 
Through bridges, 603 
Tie plates, railways, 2037 
Ties, railways, 2035 
truss, 1011 
TUe, 829 

fire resistance, 1508 
floor, 1548 
Timber, 601 

burnettizing, 644 
creosoting, 643 
dams, 1727 
defects, 622 
density, 626 
hardness, 634 
hardwood, 609 
insects, 640 


Timber, kyanizing, 645 

mechanical' strength, 628 
painting, 624 
piles, life, 1339 
preservation, 636 
purchase, 646 
sawing, 648 
seasoning, 641 
shrinkage, 627 
soft wood, 603 
specifications, 646 
strength, table, 633 
structure, 615 
toughness, 635 
varities, 602 
weaknesses, 637 
Tin, 730 

Torricelli's theorem, 531 
Torsion, allowable stress, 248 
constants table, 249 
definition, 118 
elasticity, limit, 245 
modulus, 246 
equation, 244 
ultimate strength, 247 
Toughness, timber, 635 
Towers, bridges, 1619 

suspension bridges, 1629 
water, 1824 

Track laying, personnel, table, 2047 
railways, 2045 
materials, railways, 2036 
Traction loads, bridges, 1613 
on grades, 2137 
Tractive power, horse, 2136 
resistance, vehicles, 2136 
Traps, building, sewer, 1678 
Treads, stairway, 1549 
Treatment, sewage, 1927 

land required, table, 1937 
Trickling filters, 1940 
Transfer crane, 2380 
Transportation, cities, 2240 
Transverse shear, 269 
Trusses, 1011 

Baltimore, 1625 
bowstring, 1626 
bridges, 1626 
counterbraces, 1666 
Burr, 1625 
Howe, 1625 
king post, 1626 
Palladio, 1625 
Petit, 1625 
Pratt, 1626 
queen post, 1626 
roof, 1556 

stresses, 1657 
stresses, 1636, 1641, 1667 
Warren, 1625 
Traveling cranes, 2334 
Tubes, short, discharge, 682 
Tudor arch* 1121 
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(Figures are paragraph numbers.) 


Ultimate strength, bending, 263 
compression, 225 
definition, 123 
shearing, 234 
tension, 206 
torsion, 247 
Unbalanced bids, 2415 
Under- water foundations, 1342 
United States highways, 2146 
railways, 2003 

Universal testing machine, 910 
Utilities, buildings, 1573 

Valve tower, .1811 
Varieties, cast iron, 707 
iron, 706 
timber, 602 

Vehicles, tractive resistance, 2136 
Velocity, contours of water, 568 
head of water, 538 
water, direct measurement, 663 
in open channels, 556 
Vent ducts, 1688 
Ventilation, buildings, 1579 
table, 1580 

sewers, 1919 
Vertical shear, 269 

beam, 333 
Viaduct, 1601 
Viaur River bridge, 1627 
Voussoirs shape, 1132 

Wall plates, 1538 
Walls, brick, 1115 
buildings, 1624 
concrete, 1116 
exterior buildings, 1543 
exterior masonry, nomenclature, 
1111 

retaining, failure, 1703 
Warren truss, 1625 
Wash borings, 1304 
Washington, L'Enfant plan, 2213 
Waste disposal, cities, 2237 
Water breaks, highways, 2114 
buoyancy, 525 
concrete, effect, 867 
filters, 1822 

flow, closed channels, 630 
open channels, 554 
hardness, 1823 
incompressibility, 605 
mains, 1825 
pipes, electrolysis, 1826 
pressure, center of, at two thirds 
depth, 621 


Water breaks, pressure, equal in all 
directions, 507 

pressure normal to surface pressed 
515 

pressure transmission, 523 
varies with depth, 510 
properties, 502 
quantity needed, 1805 
requisites for drinking, 1803 
run-off, rainfall, 1806 
sources, 1804 
static principles, 506 
sterilization, 1823 
supply, 1801 
cities, 2235 
dams, 1811 
impurities, 1818 
intake, 1815 
measurement, 1808 
pipes, pressure, 1825 
purification, 1818 
surface horizontal, 508 
tower, 1824 
volume, 504 
weight, 504 
Weakness, timber, 637 
Webs, truss, 1011 
Weight, brick, 826 
cement, 844 
dams, 1708 
metals, 735 
natural stone, 807 
Weirs, 651 
Welding, 726 
Wells, artesian, 1804 
Wet rot, 638 
Wharves, cities, 2241 
Widths, highways, 2143 
Wind loads, bridges, 1620 
Wire, 724 

Wood block pavements, 2168 
railway ties, 2035 
Wooden buildings, 1634 
columns, 1222 
floors, 1547 

Work, graphical representation, 217 
gradually applied force, 213 
suddenly applied force, 214 
tensile force, 212 
Wrought iron, 727 

specifications, 729 

Yards, railways, 2056 

Zero shear beam, 415 
Zoning, cities, 2208 













